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ABSTRACT 

It is well known that a variety of toxicants can cause damage to 

the renal proximal tubule. However, the early pathogenesis of these 

deleterious interactions between a toxicant and this region of the 

nephron remain poorly understood. Thus, the purpose of this research 

was to attempt to answer three interrelated questions. First, what are 

the earliest changes in kidney function and structure after 

administration of tubule toxicants in vivo? Secondly, how do these 

structural/functional alterations change over time? Finally, are 

certain indicators of renal IIdysfunction ll more sensitive than others to 

the early stages of proximal tubule injury? 

The basic experimental approach consisted of injecting laboratory 

animals with a selective proximal tubule toxicant, and then collecting 

blood and/or urine at several timepoints after dosing; a variety of 

renal function indicators were evaluated at each of these timepoints. 

These included blood urea nitrogen (BUN), the glomerular filtration 

rate (GFR), and the excretion of glucose, protein, salts, glutathione, 

enzymes, and other endogenous mol ecul es into the uri ne. At the 

termi nat i on of the exposure peri od the kidneys were eva 1 uated hi sto

pathologically, and were also assayed for levels of specific enzymes 

and glutathione. Enzyme histochemistry was used to visualize changes 

in renal enzyme distribution. and protein electrophoretic methods per

mitted quantification of urinary proteins. 
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These studies showed that specific markers of renal dysfunction 

were more sensitive to acute proximal tubule injury than other indi

cators. Specifically, the urinary excretion of proteins and the brush 

border membrane marker y-gl utamyl transpeptidase (GGT) were the best 

indicators of proximal tubule injury. Glucosuria, lysozymuria, and 

glutathionuria were all less sensitive markers, and changes in BUN or 

GFR were the poorest indicators of aCllte proximal tubule injury. These 

results indicated that the brush border membrane is one of the most 

susceptible regions of the proximal tubule to acute renal injury. 

Analysis of urinary protein electrophoresis patterns and kidney histo

pathology confirmed this hypothesis. 

This research also demonstrated the progression of the toxicant

tubule interaction over time, and showed that both tubule structure and 

function may be altered within minutes of administering a nephro

toxi cant. 



I NTRODUCTI ON 

By intention or happenstance modern man is continually exposed 

to a 1 arge number and variety of chemical compounds. Many of these 

have important commercial and medicinal applications and are directly 

responsible for the rapid advances in health care and technology wit

nessed in thi s century. However, these advances are not without thei r 

drawbacks, one of which is the often deleterious interaction of these 

chemicals with man to cause disease. While xenobiotics may affect many 

different target organs, the interaction between toxicants and the 

kidney remains a poorly understood phenomenon. This is unfortunate, 

since the consequences of impaired renal function may be very grave; 

this organ has a key role in regulating numerous physiological func

tions critical to the survival of the entire organism. While current 

methods for detecting chronic renal impairement are adequate, they are 

insufficient for evaluating the early course of kidney damage. Thus, 

the goal of this research was to investigate early indications and 

pathogenic mechanisms of renal injury following toxicant-induced injury. 

Vulnerability of the Renal Proximal Tubule 

While nephrotoxicants may manifest their toxicity at any of 

several different sites along the nephron, the proximal tubule remains 

as the primary site of injury for many nephrotoxicants (Hook, 1981). 

1 
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This susceptibility is due to several factors, not the least of 

which is the 1 arge requirement of the proximal tubul e for oxygen and 

metabol ic substrates. 

The vulnerability of the proximal tubules to toxicant damage 

may al so be attributed to a variety of other factors rel ated to the 

normal function of this region of the nephron. First, blood-born 

substances filtered at the glomerulus may become highly concentrated as 

water is removed from the tubule lumen. Chemicals may also reach 

abnormally high levels in this tissue by being actively secreted across 

the basol ateral membrane. Thus, these properties of the proximal 

tubule often cause it to be exposed to concentrations of noxious sub

stances which greatly exceed those occurring in any other tissue (Hook, 

1981). 

In addition to water, many other solutes are avidly reabsorbed 

across the luminal (brush border) membrane into the tubule epithelial 

cell; chemicals may also be actively transpot~ted across the basolateral 

rri mbrane (Sel din and Giebisch 1985). Thus, whether by 1 uminal reup

take, active secretion, or filtration and concentration, xenobiotics 

can gain access to both the proximal tubule cell membrane and the 

intracellular milieu, and effect injury by a variety of mechanisms. 

Also, many of the renal enzymes responsible for biotransfor

mation, detoxification, and excretion of xenobiotics are localized 

within the proximal tubule. Phase I and II metabolizing enzyme systems 

are present in this region; in certain cases these enzymes exhibit 

metabolic activity exceeding that present in the liver (Anders, 1980). 
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Wh i1 e these enzymes often serve to metabo 1 i ze chemi ca 1 s to i nact i ve 

forms, they may al so biotransform certain xenobiotics to highly reac

tive intermediates which interact with cellular macromolecules and may 

lead to tubule injury • 

. Another property of the kidney which renders it sensitive to 

toxicant-induced injury is the disproportionately high volume of blood 

which perfuses this organ. Although representing only 0.5% of total 

body weight the kidneys receive 20-25% of resting cardiac output. 

Further, at least 90% of the renal blood flow is routed to the cortex, 

a region predominantly composed of proximal tubules (Valtin, 1983). 

Thus, the total amount of an injurious substance delivered to the 

proximal tubule may be disproportionately high relative to other tis

sues due to the magnitude of renal blood flow and the distribution of 

this circulation within the kidney. 

When considering the previous discussion it is not suprising 

that a wide variety of chemicals exert their toxic effects primarily at 

the renal proximal tubule. These include metals such as mercury 

(Phillips et al.1977) and chromium, (Kirschbaum et al.1981) thera

peutic agents such as gentamicin (Appel and Neu 1977) and cyclosporin 

(Whiting et ale 1982), and halogenated hydrocarbons such as carbon 

tetrachloride and hexachlorobutadiene (Kluwe et ale 1982). 

Detection of Early Renal Proximal Tubule I~ 

The proximal tubule has already been described as an especially 

vulnerable segment of the nephron to toxicant-induced injury. Impaired 

function of this region of the kidney may lead to altered transport of 
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fi 1 tered sol utes across the brush border membrane, disruption of sec

retory processes at the basol ateral surface, or changes in any number 

of other proximal tubule functions. Unfortunately, many tests commonly 

used to assess renal status are insensti ve to 1 imited renal injury. 

This is due to the reserve capacity of the kidneys, which maintains 

essentially normal renal function even when a significant portion of 

nephron capacity has been lost. For this reason physiological markers 

which are not "masked" by the functional redundancy of the kidney have 

gained much attention in recent years. 

Since a major difference in these functional parameters is 

their sensitivity to the renal reserve capacity, they have been 

divided into those which are "reserve-sensitive" and those which are 

"reserve-insensitive". In the following discussion both classes of 

indicators \'-/i11 be examined and their ability to signal early injury 

wi 11 be assessed. 

Evaluation of "Reserve-Sensitive" Indic;.ltors 

Preserving fluid and electrolyte balance, excreting metabolic 

waste products, and reabsorbing plasma solutes are considered to be the 

most important functions for which the kidney is responsible. The 

kidney is an organizationally heterogenous organ with respect to func

tion, physiology, and anatomy, such that different regions of the 

nephron participate to very different degrees in regard to these 

va ri ous rena 1 funct ions. Thus, 1 oca 1 i zed i mpa i rment of one regi on of 

the nephron mayor may not i nfl uence the performance of another seg

ment. This heterogeneity is important in understanding the relative 
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abi 1 ity of various renal function markers to detect proximal tubul e 

injury. In the following discussion the most commonly used reserve

sensitive indicators are described; their potential use for evaluating 

early proximal tubule injury is also addressed. 

Renal Plasma Flow. Evaluation of renal plasma flow (RPF) is 

often performed to determine whether vasoactive substances adversely 

affect the blood supply of the kidney, or to detect changes caused by 

chronic vascular diseases. Acute alterations in RPF are most commonly 

encountered in pathological conditions invol ving a change in sympa

thetic tone, as would be encountered during shock or hemmorhage. In 

contrast, acute lesions of the proximal tubule normally do not 

infl uence RPF unl ess the "agent" responsibl e for tubul e injury al so 

causes marked extrarenal changes. In addition, accurate measurement of 

RPF is difficult, since this involvp.s measuring the clearance of para

aminohippuric acid. Since the renal clearance of this substance is not 

100% efficient this method often significantly underestimates "true" 

RPF. While RPF may be accurately determined by the use of electro

magnetic flowmeters in experimental animals, this equipment is 

expensive and requires invasive surgical techniques; this is not appro

priate for routine clinical screening. Thus, measurement of this 

parameter is of little use for detecting or assessing injury to the 

proximal tubule in man. 

Glomerular Filtration Rate. The glomerular filtration rate 

(GFR) is dependent on a variety of factors. The most important of 

these are the vascular tone of the pre- and postglomerular arterioles, 
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the rate of renal blood flow, and plasma oncotic pressure (Valtin 

1983). In turn, some of these factors are control 1 ed by a phenomenon 

known as "autoregulation", an internal homeostatic mechanism which 

maintains a relatively constant GFR in the event of fluctuating renal 

blood flow. These mechanisms for preserving a constant GFR make this 

measure of renal function relatively insensitive to proximal tubule 

injury, except in instances of severe nephropathy sufficient to cause 

complete tubule obstruction. This is not to suggest that GFR is insen

sitive to all nephropathic conditions, since glomerular permeability 

and consequently GFR may be severely affected by many different patho

logical etiologies (Farber 1957). 

Accurate measurement of GFR requires carefully timed urine and 

blood collections; these are inconvenient in the clinical setting and 

usually requires invasive procedures in experimental animals. Also, 

relying on the creatinine clearance as an approximation of GFR may 

provide innacurate results; under certain circumstances the tubules may 

secrete creatinine, leading to an erroneously overestimated GFR (Renkin 

and Robinson, 1974). A more accurate measure of GFR can be obtained by 

measuring inulin clearance, but this method is also invasive. 

Blood Urea Nitrogen. A major function of the kidney is the 

elimination of nitrogenous waste products resulting from protein cata

bolism; the renal excretion of urea provides the primary mechanism for 

accomp 1 i shi ng thi s. Thi s substance if fi 1 tered at the gl omerul us and 

undergoes passive reuptake at the proximal tubule, the thick ascending 

1 imbs and collecting ducts (Knepper, 1983). Excretion of urea is 
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inversely related to GFR, so that as GFR declines, blood urea nitrogen 

(BUN) level s rise (Berndt 1976). However, 1 imited injury to the proxi

mal tubule can occur without any effect on GFR, so that BUN levels may 

remain entirely unaltered during the course of proximal tubule nephro

pathy (Sharratt and Frazer 1963). Dietary factors may al so alter BUN 

and make interpretation of small changes in this parameter difficult 

(Diezi and Biollaz 1979). However, it should be stressed that BUN can 

provide a sensitive measure of renal function on a chronic basis; for 

example BUN provides an excellent marker for evaluating gradual changes 

in the renal function of individuals with diabetes or other progressive 

diseases which may eventually lead to renal insufficiency. 

Serum Creatinine. Creatinine is formed as part of the normal 

degradation of muscle creatine and creatine phosphate (Forbes 1978). 

The kidney is the major site for the excretion of this product. The 

renal mechanisms responsible for its excretion are relatively 

uncomplicated; creatinine is freely filtered at the glomerulus, and is 

essentially neither secreted nor reabsorbed by the renal tubules 

(Valtin, 1983). Therefore the rate at which creatinine is eliminated 

from the body is directly proportional to GFR. It is not suprising 

that changes in levels of serum creatinine often mirror changes in BUN 

since their excretion is dependent on very similar factors. For 

reasons similar to those described above for BUN, serum creatinine 

levels are only altered pursuant to significant changes in GFR. For 

these reasons, this indicator of renal function is often completely 
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insensitive to damage confined to the renal proximal tubule (Bjornson, 

1979) • 

Urine Concentrating Ability and Flow Rate 

A vital role of the kidney is to maintain fluid balance by 

regul ating the excretion of water. In turn, this is dependent on the 

ability of the kidney to concentrate the urine, a function controlled 

by activities of the distal tubules and collecting ducts. These neph

ron segments are responsive to the blood concentration of anti-diuretic 

hormone (ADH). The permeabi 1 ity of these di sta 1 nephron segments to 

water increases with rising ADH levels, causing increasing water reab

sorbtion and decreasing water excretion. Thus, measurement of maximum 

urinary concentrating ability is a valuable test for assessing distal 

nephronal damage (Coppen et ale 1980). 

Conversely, it would not seem that proximal tubule injury 

shoul d have any effect on urine vol ume, since this function is regu

lated at the distal nephron elements. However, the reabsorbtion of 

water in the distal nephron is a passive event, one which is dependent 

on the concentration gradient between the lumen of the collecting ducts 

and the surrounding (hypertonic) interstitium. This gradient may be 

influenced by altered proximal tubule reabsorbtion of electrolytes. 

Impaired proximal tubule uptake of cations such as Na+ will produce an 

abnormally hypertonic urine at the collecting ducts, decreasing the 

gradient which drives the passive transport of water. and causing 

polyuria. 
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In addition, other manifestations of renal injury (e.g. 

decreased GFR) may lead to oliguria. To further complicate the issue, 

the concentration of urine and the excretion of water normally varies 

substantially in the course of renal adjustments to alterations in 

fluid and electrolyte intake. Thus, while proximal tubule injury IT@1 

alter urine concentration and volume, these changes often do not occur 

in a predictible manner. 

Excretion of Glucose, Amino Acids, and Plasma Proteins. These 

plasma solutes are considered as a group, since their handling by the 

kidney is si mi 1 ar in many respect s. When plasma is fi 1 tered at the 

glomerulus, all plasma solutes smaller than the glomerular pores pass 

into the tubule ultrafiltrate. Included in this group are glucose, 

free amino acids, and small plasma proteins (molecular weight less than 

15,000). All of these substances are almost quantitatively reabsorbed 

by the proximal tubule, so that only trace amounts of any of these are 

normally excreted in the urine (Price 1982, Fowler 1982). Thus, damage 

to the proximal tubule may overwhelm the specific transport systems 

responsible for reabsorbing amino acids (Bowman and Foulkes 1970, 

Silbernagl et al. 1975), glucose (Berndt 1976) and other filtered 

solutes, resulting in elevated excretion of any or all of these sub

stances into the urine (Foul kes 1983). 

Many investigators have demonstrated that proximal tubule in

jury leads to increased excretion of specific low molecular weight 

plasma proteins. Included among the most commonly measured low molec

ular weight plasma proteins are a2-microglobulin (Peterson et al. 1969, 
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Kazantzis and Armstrong 1984), lysozyme (Palmieri et a1. 1984, Cerrioti 

1976), and retinol binding protein (Fowler 1982). The sensitivity of 

these markers to early proximal tubular injury is approximately equal 

to that of other reabsorbed so 1 utes such as gl ucose, si nce a 11 of 

these plasma solutes are almost quantitatively reabsorbed at the proxi

mal tubule (Prescott 1982). Thus, the choice of one freely filtered 

protein in preference to another protein as a marker of impaired tubule 

function is usually based on the stability of these enzymes in urine or 

the ease of quantitating them (Schardijn et a1. 1979). 

Finally, when considering the relative merits of functional 

indicators, it must be emphasized that the capacity of the kidney to 

reabsot'b these fi 1 tered plasma so 1 utes norma 11 y exceeds that necessary 

to completely remove them from the tubule lumen. This excess or redun

dant capacity is often referred to as the "functional reserve" of the 

kidney. This term describes how the kidney normally meets all of its 

physiological "responsibilities" by using only a fraction of its total 

functional capacity. An obvious example of the magnitude of this 

reserve is that of the kidney donor who maintains completely normal 

renal function with only half of the renal mass that he previously 

possessed. Because of this property, proximal tubule injury insuffi

cient to overcome this "reserve" may not lead to increased excretion of 

glucose, amino acids, low molecular weight proteins, or other filtered 

plasma solutes. Thus, it has been demonstrated that toxicant-induced 

injury sufficient to alter kidney morphology may not be accompanied by 
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any changes in renal function indicators (Mihatsch, et ale 1986, 

Sharrat and Frazer 1963). 

Evaluation of Nonfunctional Indicators 

In recent years the use of nonfunctional markers of renal 

status has attracted some attention, since these are purported to offer 

certain advantages campared with renal functional indicators. 

Early or limited injury to renal tubule cell membranes may cause 

"leaking" of intracellular and/or membrane-bound components into the 

tubule lumen, with excretion of these cellular macromolecules into the 

urine. Specifically, determination of urinary enzymes originating from 

known nephronal locations has been the most common nonfunctional 

measure of renal status. (Vanderlinde 1981, Price 1982, Stroo and Hook 

1977, Kempson et al.1977). 

Brush Border Membrane Proteins. In the previous discussion the 

renal proximal tubule was identified as a highly vulnerable site for 

toxicant-induced injury. The luminal membrane of this structure is 

often called the brush border since it contains extensive microvillar 

projections which serve to increase its surface area many fold. In 

respect to both structure and function it closely resembles the epi

thelial lining of the intestinal tract; both of these surfaces are 

highly specialized systems with extremely active transport capabilities 

(Mooseeker 1985). The transport of sugars, alnino acids, proteins, 

elect ro 1 ytes, and other so 1 utes across these membranes is thought to 

occur by the actions of specifi c membrane-bound protei ns. Other pro

teins in the brush border possess enzymatic activity, and serve to 
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catabolize complex sugars, polypeptides, and other substrates. Injury 

to the kidney proximal tubule is often first indicated histopatho

logically by loss or degeneration of the brush border membrane; thus 

urinary excretion of brush border membrane proteins may provide an 

early indicator of proximal tubule injury (Stroo and Hook 1977). 

Almost all of the brush border proteins used as markers of 

tubule nephropathy are enzymes, since it is relatively simple to 

measure thei r acti v ity usi ng chromogeni c or fl uorogeni c substrates. 

Included in this group are enzymes such as y-g1utamy1 transpeptidase, 

alkaline phosphatase, trehalase, and alanine aminopeptidase. Abnor

mally high levels of these enzymes have been detected in the urine 

following injury to the brush border (Cornell and Hodson 1980, 

Burchardt et a 1. 1979). 

Intracellular Proteins. Other enzymes used to diagnose proxi

mal tubule damage originate from intracellular locations; these include 

cytoso1ic proteins such as lactate dehydrogenase, lysosomal hydro1ases 

such as S-glucosidase, s-ga1actosidase and N-acety1g1ucosaminidase 

(Pierce et a1.1977, Maruhn et a1.1980, Nomiyama et a1.1974). Ele

vated levels of these enzymes have been demonstrated in the urine of 

experimental animals and humans after acute or chronic exposure to 

renal toxicants. For example, N-acety1g1ucosaminidase has been used to 

monitor the nephrotoxicity of chemotherapeutic agents such as cyc10-

sporin (Whiting et ale 1986). 

It has been demonstrated that there is a differential distri

bution of the aforementioned enzymes along the nephron, such that 
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certain enzymes are considered to be localized to discrete tubule 

regions. As an example, y-g1utamy1 transpeptidase is considered to be 

primari 1 y 1 oca 1 i zed to the brush border membrane marker; yet hi sto

chemical techniques have also shown it to be present on the baso1atera1 

membrane, albeit at much lower amounts (Marathe et a1. 1979, Spater et 

al. 1982). The same fol lows for almost all other renal enzymes; while 

they may be present in high concentrations in certain segments of the 

nephron, they a're rarely completely absent from other regions of the 

kidney (Guder and Ross 1984, Schmidt and Guder 1976). For this reason 

it may be difficult to definitively attribute the excretion of an 

enzyme to injury of a specific region of the nephron. 

Renal Handling of Glutathione 

The kidneys playa major role in maintaining glutathione (GSH) 

homeostas is. Whil e organs such as the 1 i ver act i ve 1 y synthesi ze and 

export GSH into the plasma, the kidney is the major site for reab

sorbtion of GSH from the plasma. Details of this process are the 

subject of several recent reviews (Heinle and Wendel 1977, Griffith and 

Meister 1979, Hahn et a1. 1979, Inuoe et a1. 1984). 

GSH Uptake by Glomerular Filtration. The renal uptake of GSH 

from the plasma is thought to be due to two separate mechanisms oper

ating at different sites on the proximal tubule. In the first, GSH is 

fi 1 tered across the gl omeru1 us, then hydrolyzed by proximal tubu1 e 

brush border enzymes ( y-g1utamy1 transpeptidase and cysteiny1g1ycine 

dipeptidase) to its constituent amino acids .. These are then trans

ported across the luminal epithelium by specific amino acid 



14 

transporters located in the brush border membrane. Therefore, thi s 

mechanism is similar in many respects to that previously described for 

the reabsorbtion of other filtered plasma solutes such as glucose and 

low mo 1 ecu 1 ar wei ght protei ns. 

GSH Transport by Basolateral Mechanisms. Glomerularfiltration 

and 1 umi na 1 uptake of GSH woul d be predi cted to remove 20-30% of GSH 

from the plasma in a single pass through the kidney. However, the 

renal extraction of GSH from the plasma has been reported to greatly 

exceed this fraction; extraction values of 75-90% are regularly 

reported (Renkin and Curthoys 1982, Abbott et ale 1984). This suggests 

that another renal mechanism exists for removing GSH from the plasma. 

The hypothesis most often promoted to explain this phenomenon involves 

transport of GSH at the proximal tubul e basol ateral membrane (Renkin 

and Curthoys 1982); this may involve y-glutamyl transpeptidase located 

in the basolateral membrane (Anderson et ale 1980). Although luminal 

GSH must be degraded prior to reabsorbtion across the brush border 

membrane, it is not known whether basolateral transport also requires 

hydrolysis of this tripeptide or if intact GSH is translocated across 

the membrane. 

Glutathionuria. Administration of the y-glutamyl trans

peptidase inhibitor AT-125 to experimental animals causes markedly 

increased excretion of GSH into the urine (glutathionuria). From the 

previous discussion this glutathionuria likely derives from impaired 

GGT hydrolysis of filtered GSH (Renkin and Curthoys 1982). Gluta

thionuria is al so observed in those rare indi vidual s with an inborn 
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deficiency of GGT; apparently this derives from a similar failure of 

the kidney to transport filtered GSH. (Schulman et ale 1975). It might 

be expected that proximal tubule toxicants which lead to brush border 

membrane degeneration would also cause glutathionuria; however this has 

not been reported in the literature. 

Nephrotoxicity of DCVC, HCBD. and HgC1 2 

Among the large number and variety of chemicals that have been 

documented to cause kidney toxicity, three were used in the present 

research. One of these was a halogenated hydrocarbon, another was the 

cysteine conjugate of a halogenated hydrocarbon, and the last was a 

nephrotoxic metal. A brief description cf the nephrotoxic potential 

of each of these is addressed in the following section. 

Although a nephrotoxicant in rats and rabbits, the toxicity of 

S-(1,2-dichl orovinyl )-L-cysteine (DCVC) is species specific, since it 

has also been shown to cause severe blood dyscrasias in livestock. 

This compound is formed by reacting trichloroethylene with cysteine; it 

is thought to be the toxic species in cattle fed with trichloroethy

lene-defatted soybean meal (Pritchard et al. 1956). It is a potent 

kidney toxin in vivo and in vitro (Parker 1965, Gandolfi et al. 1981, 

Hassall et al. 1983a, Silber et al. 1986) and is a documented substrate 

for a renal enzyme cal led cysteine conjugate a-lyase (Stevens and 

Jakoby 1983). DCVC produces injury to the pars recta portion of the 

proximal tubule (Tarloff et al. 1979, Hassall et al. 1983a) and in

hibits tubule organic ion secretion in vitro (Hassall et ale 1983b). 
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The nephrotoxicity of DCVC is thought to result from cleavage 

of this compound by renal s-lyase located in the proximal tubule. The 

activity of this enzyme is thought to convert DCVC to a highly reactive 

form which produces a lesion localized to the pars recta (straight 

segment) of the proximal tubul e (El farra and Anders 1984, Stevens and 

Jokoby 1983). 

Two recent studies have provided additional insight into the 

nature of renal s-lyase and the mechanism of activation of DCVC to a 

toxic form (E1farra et ale 1986a, E1farra et ale 1986b). These 

investigators showed that administration of the pyridoxyl phosphate

dependent enzyme inhibitor aminooxyacetic acid provided protection 

agai nst the nephrotoxi city of DCVC toxi city; these data suggest that 

rena 1 13-1 yase is a pyri doxy1 phosphate dependent enzyme. pyri doxy1 

phosphate-dependent enzymes require a proton on the a-carbon atom of 

their substrates (Wal sh, 1977); thus the observation that 5-{1,2-

dichlorovinyl)-DL-a-methylcysteine was not nephrotoxic also supported 

the hypothesis that renal a-lyase uses pyridoxyl phosphate as a 

cofactor. 

In addition, renal a-lyase was more susceptible than hepatic 13-

lyase to inhibition by aminooxyacetic acid, indicating that renal and 

hepatic a-lyase have different properties. This finding may explain 

why DCVC is injurious to the kidney, while causing minimal hepato

toxicity. The authors also suggested that the proximal tubule organic 

anion transport system may play an important role in the toxicity of 
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DCVC, since probenicid attenuated the noxious effects of this 

nephrotoxicant. v 

Hexachloro-1:3-butadiene (HCBD) is a halogenated ethylene com

pound which is generated as a byproduct in the manufacture of chemicals 

such as perchloroethylene and carbon tetrachloride; it is also a signi

ficant soil and groundwater contaminent (Laska et ale 1976). The 

toxicity of this compound is primarily restricted to the kidney, where 

it r.auses proximal tubule necrosis (Kociba et ale 1977). HCBD is 

though to first undergo glutathione conjugation in the liver, after 

which this hepatic metabolite is cleaved by renal peptidases to form 

the corresponding cysteine conjugate (Dohn and Anders 1982, Wolf et ale 

1984, Dohn et ale 1985). Proximal tubule injury may then result from a 

sequence of steps similar to those postulated to occur in the bioacti

vation of DCVC to a toxic intermediate (Nash et al. 1984, Wolf et ale 

1984) • 

Mercuric chloride (HgC1 2) was the third compound used in these 

studies. Like DCVC and HCBD this metal is a potent nephrotoxicant 

which causes damage to the proximal tubule (Valek 1965, Kazantzis et 

ale 1962). However, the toxicity of this compound is not restricted to 

the kidney; its potential to cause injury to other organs (e.g. the 

nervous system and gastointestinal tract) is well documented (Chang 

1977). In contrast to the bioactivated toxicants HCBD and DCVC, inor

ganic mercury is considered to be directly toxic to the kidney. Damage 

may result from inactivation of critical enzymes and/or by covalent 

binding to proteins and cellular sulfhydryl groups (Zager 1983). For 
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as yet unexplained reasons inorganic mercury is extensively accumulated 

in the renal cortex (Swensson and Ulfvarson 1968); this may partially 

explain its predominantly renal toxicity. 
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Objecti ves 

Many nephrotoxicants exert their noxious effects at the renal 

proximal tubule. The use of functional indicators to detect damage to 

this nephronal segment suffers from two major limitations. First, 

these markers are insensitive to limited tubule injury caused by low 

doses of nephrotoxicants, since the functional reserve of the kidney 

can readily compensate for minor renal impairement. This poses a 

significant problem to the clinician attempting to evaluate kidney 

toxicity in patients treated with any of the numerous therapeutic 

agents which have nephrotoxic side effects. Of equal or greater 

importance is the problem of widespread exposure to industrial and 

environmental contaminants with nephrotoxic potential. Must a signifi

cant portion of renal tubule function be destroyed by these agents 

before changes in renal status are detectable 

One strategy proposed to rectify this problem is the use of 

nonfunctional parameters to assess renal status. In contrast to 

functional indicators, these markers are not overshadowed by the 

substantial functional reserve of the kidney. Included in the category 

of nonfunctional indicators are renal tubule cell components which may 

be excreted into the urine and detected early in the course of proximal 

tubule injury. Thus a major objective of this research is to 

critically compare functional versus nonfunctional indicators of renal 

function fol lowing acute toxicant-induced injury to the proximal 

tubule. 
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A second drawback to the use of "traditional" renal function 

i ndi cators such as serum creat i ni ne and urea ni trogen 1 eve 1 sis that 

these markers provide 1 ittle, if any information about the pathogenesis 

of i nj ury; what is needed is a means of ascerta i ni ng the sequence of 

events that occur following the initial interaction of a toxicant with 

the renal tubule cell. Therefore a related goal of this research is to 

critically analyze the chronological changes in both functional and 

nonfunctional indicators pursuant to nephrotoxic insult in order to 

better understand the early progression of changes that occur in the 

injured proximal tubule. Histochemical and protein electrophoretic 

methodologies are also used in this research as tools to further deli

neate the sensitivity of nonfunctional markers to proximal tubule 

damage. 

An incidental question addressed in this research concerns the 

effect of acute proximal tubule impairement on the renal handling of 

gl utathione. Although the kidney is one of the major organ systems 

responsible for maintaining glutathione homeostasis, the effect of 

proximal tubule nephropathy on the reabsorbtion of this tripeptide from 

the plasma remains poorly understood. Thus, experiments were designed 

to examine how perturbed proximal tubule function affects the kidney·s 

handling of this important plasma solute. 



MATERIALS AND METHODS 

Chemical Reagents and Solutions 

Sources of Inorganic Reagents 

Potassium chloride (KC1), magnesium sul fate (MgS04), sodium 

hydroxide (NaOH), sodium disulfide (Na2S), and dibasic sodium phosphate 

(Na2HP04) were obtai ned from MCB Reagents. Sodi um hypochlorite was 

purchased from Georgia-Pacific, acid reagent from Sigma Chemical, cu

pric sulfate from J.T. Baker, and metaphosphoric acid (HP03) from 

All ied Chemical. Sodium bicarbonate (NaHC03) and monobasic potassium 

phosphate (KH2P04) were purchased from Mallinckrodt, sodium chloride 

(NaCl) and mercuric chloride (HgC12) from Fisher Scientific, and cal

cium chloride (CaC12) from Gibco Laboratories. Distilled water was 

used in all experimental protocols unless otherwise indicated. 

Sources of Organic Reagents 

Reagents for electrophoresis, tris (hydroxymethyl) aminomethane 

(Tris) and Bio-Rad Protein Reagent were supplied by Bio-Rad 

Laboratories. Coomassie Brilliant Blue R-250, glycylglycioe, Fast Blue 

BB sa It, y -gl utamyl-p-nitroanil ide (GPNA), p-nitrophenyl-a-D-gl ucosami

ni de (p-nNAG), S-benzyl-L-cystei ne-p-nitroani 1 ide (SBCN), egg-white 

lysozyme, 2-amino-2-methyl-l-propanol (AMP), urease (type IX, activity 

= 68 U/mg), tetrasodium ethylenediamine tetraacetic acid (EDTA), crea

tinine color reagent, o-phthaldehyde (OPT), gluthathione (GSH), and 

21 
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bov i ne serum a 1 bumi n (BSA) were purchased from Si gma Chemi ca 1. 

Methanol and phenol were obtained from J.T. Baker Chemical, glycol 

methacrylate (JB-4 embedding medium) and Y-glutamyl-4-methoxy-2-

naphthyl amide (GMNA) from Polysciences, mannitol from Mallinckrodt, 

ketamine HCl from Parke-Davis, xylazine from Miles Laboratories, ace

promazine maleate from Ayerst Laboratories, urea from Aldrich, and 

[3H]inulin from New England Nuclear. Acetic acid, sodium nitroprus

side, and hexachloro-1:3-butadiene (HCBD) were purchased from Fisher 

Scientific, p-nitroaniline from Matheson, Coleman, and Bell, p

nitrophenol from Al fa, 2-methoxyethanol from Eastman Chemical, and 

Micrococcus lysodeikticus from Boehringer. 

Composition of Buffers and Solutions 

y -gl utamyl transpeptidase was determined using a substrate 

solution containing 120 mM Tris, 80 mM glycylglycine, and 6 mM GPNA, pH 

8.0. The standard curve used in this assay consisted of 36-214 IJM p

nitroani 1 i nee 

In the analysis of N-acetyl-e-D-glucosaminidase the substrate 

solution consisted of 10 mM p-nNAG dissolved in 0.1 M citrate buffer, 

pH 4.2. The termination buffer solution (AMP buffer) consisted of 

0.75 M AMP, pH 10.25. 10-100 11M p-nitrophenol dissolved in a 1:1 

mixture of citrate buffer:AMP buffer was used for the standard curve. 

The substrate solution used in the analysis of cysteinylglycine 

dipeptidase consisted of 0.52 mM SBCN, 40 mM monobasic potassium 

phosphate, and 1.1 M 2-methoxyethanol, pH 7.1. p-Nitroaniline was used 

to construct a standard curve with a concentration range of 36-214 IJM. 
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In the lysozyme assay the substrate solution consisted of a 0.2 

mg/ml suspension of Micrococcus lysodeikticus in 67 mM sodium phosphate 

buffer, pH 6.2. Enzyme standards consisted of 0.01-2.5 mg/L egg-white 

lysozyme also dissolved in phosphate buffer. 

For analysis of blood urea nitrogen (BUN) the phenol color 

reagent consisted of 0.52 M phenol and 0.84 mM sodium nitroprusside. 

Alkaline hypochlorite solution contained 0.625 M NaOH and 12.8 mM 

sodium hypochlorite. Buffered urease solution contained 0.25 mg/ml 

urease and 29.7 mM EDTA, pH 6.5. Urea standard sol uti ons cons; sted of 

5-30 mg/dl urea in water. 

Determination of creatinine required an alkaline picrate solu

tion which was prepared by mixing 5 volumes of Sigma creatinine color 

reagent with 1 volume of 1 N NaOH. Sigma acid reagent was diluted 1:4 

with water for use in this modified assay. Standards consisted of 3.0-

15.0 mg/dl creatinine in 0.02 N HC1. 

In the analysis of GSH the phosphate buffer consisted of 0.1 M 

dibasic sodium phosphate and 5 mM disodium EDTA, pH 8.0. Other solu

tions used included the following: 1.1 mg/ml OPT dissolved in 

methanol, 2.25% (v/v) HP03' and 3.1.67 mM Na2S. GSH standards con

sisted of 50-1500 pg/ml of this compound dissolved in phosphate buffer. 

The working reagent used ;n the protein assay was made by 

di 1 ut i ng Bi o-Rad Protei n Reagent 1: 5 wi th water. A protei n standard 

curve consi sted of 0.1-1.0 mg/ml BSA in water. 

The reference standards used in the analysis of Na+ and K+ 

consisted of 0.1-5.0 mM NaCl or KCl dissol ved in water. 
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For the in vivo rabbit experiments the anesthetic mixture 

consisted of 50 mg/ml ketamine HC1, 8 mg/ml xylazine, and 1 mg/ml 

acepromazine maleate. The infusion buffer consisted of 2% mannitol, 

0.85% NaCl, and 30 l-ICi/l [3HJinul in. Krebs-Henselei'c buffer was made 

of 120 mM NaC 1, 4.7 mM KC 1, 2.5 mM CaC 12' 1.2 mM KH2P04' 1.2 mM 

MgS04'7H20, and 25 mM NaHC03, adjusted to pH 7.4. 

The gel staining solution used in the electrophoresis experi

ments contained 0.025% Coomassie Brilliant Blue R-250, 45% methanol, 

and 10% acetic acid. The destaining solution contained 7.5% acetic 

acid. 

A 0.1 M cupric sulfate solution and a substrate solution which 

contained 125 mg/ml GMNA, 25 mM tris, 6 mg/ml NaCl, 0.5 mg/ml glycyl

glycine, and 0.5 mg/ml Fast Blue BBN, pH 7.4 were used in the 

histochemical demonstration of GGT activity. 

Additional Equipment and Materials 

96-well flat bottom Titertek microtiter plates and a Titertek 

Multiskan vertical lightpath spectrophotometric plate reader (Flow 

Laboratories) were used for those analyses performed in microtiter 

plates. Spectrophotometric measurements were made with an Acta 5 

spectrophotometer (Beckman Instruments) or a Stasar I I flow-through 

spectrophotometer (Gi 1 son Instruments). Fl uorescence determinations 

were performed with a spectrofluorometer (American Instrument). Tissue 

homogenization was accomplished with a "Tissumizer" homogenizer (Tekmar 

Instruments). Glucose was assayed using a semi-automated glucose 

analyzer (Beckman Instruments, Inc.). For the determination of Na+ and 
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K+ we used a Perkin-Elmer 51-CA flame photometer (Coleman Instruments). 

Centrifugation of tissue homogenates or urine was accomplished with a 

microcentrifuge (Beckman Instruments) or a refrigerated RC2B centrifuge 

(Sorvall). Electrophoresis equipment included a Protean vertical slab 

gel unit (Bio-Rad Laboratories) and an ISCO model 494 power supply 

(I nst rumentat ion Speci a 1 ties Company) operat i ng inconstant current 

mode. 

For the in vivo rabbit experiments 22 gauge intravascular over

the-need 1 e catheters were obta i ned from Tra vena 1 Laboratori es, no. 8 

suction catheters (for use in urethral catheterizations) from Sherwood 

Medical Laboratories, 2.5 mm endotracheal tubing from Portex, and 

syringe pumps from Sage Instruments. Blood pressure measurements were 

made with a mercury manometer. 

Male New Zealand white rabbits weighing 1.2 - 1.5 kg were 

purchased from Blue Ribbon Ranch. Female Sprague Dawley rats weighing 

175-225 g were supplied by Harlan. 

Chemical Synthesis 

S-(1,2-dich1oroviny1)-L-cysteine (DCVC) was synthesized 

according to the method of McKinney et ale (1959). In this procedure 

trichloroethylene was reacted with cysteine in ammonia, with sodium 

used as a base. The product was purified by isoe1ectric precipitation 

and recrysta 11 i zed from ethano 1 and water. The fi na 1 product wa s 

characterized as described by Gandolfi et a1. (1981). 
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Animal Preparation and Treatment 

Acute DCVC Nephrotoxicity in Rabbits 

Rabbits were fasted overnight, but allowed water ad libitum. A 

0.5 ml/kg intramuscular injection of the anesthetic mixture was admin

istered the fol lowing morning. After induction of anesthesia the 

rabbits were tracheotomi zed to prevent aspi rati on of sal i vary secre

tions. A 5 ml bolus injection of the infusion solution was 

administered via a catheter secured into the marginal vein of the left 

ear. This was followed by continuous administration of the infusion 

solution into the ear vein at a rate of 0.4 ml/min in order to obtain 

di uresi s throughout the experiment. A small amount of the anestheti c 

mixture (0.01 - 0.03 ml/min) was continuously infused via the same ear 

vein throughout the experiment to maintain a stable anesthetic state. 

Body temperature was monitored with a rectal thermometer and maintained 

at 39°C by laying the rabbit on a heating pad. 

Blood samples and blood pressure measurements were obtained 

from a catheter pl aced into the central artery of the right ear. 0.5 

ml blood sampl es were centrifuged to separate pl asma from red blood 

ce 11 s, then the red blood ce 11 s were resuspended in 0.3 ml of Krebs

Henseleit buffer and reinfused via a catheter placed into the marginal 

ear vein of the right ear in order to maintain normal blood volume and 

hematocrit levels. 

A catheter was inserted into the urinary bladder via the 

urethra, and the initial void vol ume discarded. Thereafter, urine and 

blood sampl es were co 11 ected at 30 mi n i nterva 1 s over the next 7 hr. 
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Urine samples were immediately centrifuged after each collection to 

remove particulate matter. Both urine and plasma samples were frozen 

for later analyses. 

Basal renal functions for each animal were determ-ined during 

the first 2 hr of the experiment. After this control period DCVC (0, 

20,40, or 50 mg/kg, dissolved in infusion buffer) was substituted for 

the infusion solution and administered intravenously at a rate of 0.4 

ml/min. DCVC was always dissolved in 10-12 ml of infusion buffer so 

that it could be slowly administered over a 25-30 min period. Five hr 

1 ater animal s were killed by anesthetic overdose, and their kidneys 

were excised and prepared for histopathological evaluation. 

Acute DCVC Nephrotoxicity in Rats 

Rats were housed individually in stainless steel metabolism 

cages throughout the course of the experiment. Dosing sol utions con

sisted of DCVC dissoved in 0.9% NaCl. Control animals received ip 

i nj ect ions of 0.9% NaC 1. 

Rats were al lowed access to tap water and food ad libitum 

throughout the course of the experiment. Animals were randomly al lo

cated into 4 dosing groups containing 4 rats each. Rats dosed with 25, 

50, or 100 mg/kg DCVC were injected ip with 4 ml/kg of dosing solutions 

containing 6.25, 12.5, or 25 mg/ml DCVC, respectively. 2.0 ml of water 

was administered by gavage to each rat 2 hr prior to dosing and 

immediately after dosing to encourage urine production during the early 

co 1 1 ect i on peri ods. All uri nes were co 1 1 ected in p 1 ast i c tubes on ice 

to prevent evaporation and to stabi lize urinary components such oS 
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glutathione and enzymes. Urines were collected at 2, 4, 6, 10, 14, 24, 

36, and 48 hr following a single ip injection of the appropriate dosing 

solution at time O. After each collection period urines were centri

fuged in microcentrifuge tubes at 12,000 x g for 5 min to remove 

particulate matter. The supernatant was subdivided into 0.2 ml ali

quots and frozen at -20°C until subsequent analyses. 

After the last (48 hr) urine collection all rats were killed by 

admi ni steri ng a sharp blow to the head and di s 1 ocat i ng the cerv i ca 1 

vertebrae. Both kidneys were quickly removed and coronal sections of 

each were placed in 10% neutral buffered formalin for histopathological 

analysis. 

Toxicant-Induced Glutathionuria 

Rats were housed individually in stainless steel metabolism 

cages throughout the course of the experiment. Dosing solutions con

sisted of HCBD (150 and 300 mg/ml) dissolved in peanut oil and HgC1 2 (2 

and 4 mg/ml) dissol ved in 0.9% NaCl. 

Rats were al lowed access to tap water and food ad libitum 

throughout the course of the experiment. Animal s were randomly allo

cated into 5 dosing groups containing 4 rats each. Rats dosed with 150 

or 300 mg/kg HCBD received 1 ml/kg of 150 or 300 mg/ml HCBD, and those 

ani ma 1 sin the 2 or 4 mg/kg HgC1 2 groups were dosed wi th 1 ml /kg of 2 

or 4 mg/ml HgC12 solutions, respectively. Control animals were given 1 

ml/kg of 0.9% NaCl. All doses were administered by ip injection. 

2.0 ml of water was administered by gavage to each rat 2 hr 

prior to dosing and immediately after dosing to encourage urine 
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production during the early collection periods. All urines were col

lected in plastic tubes on ice. Urines were collected at 2, 4, 8, and 

12 hr following injection of the appropriate dosing solution at time = 

O. After each collection period urines were centrifuged in micro

centrifuge tubes at 12,000 x g for 5 min, and the supernatant was 

subdivided into 0.2 ml aliquots and frozen at -20 °C until subsequent 

analyses. 

After the 1 ast (12 hr) uri ne co 11 ect i on all rats were kil 1 ed by 

administering a sharp blow to the head and dislocating the cervical 

vertebrae. Both kidneys were rapidly dissected from each rat. One 

kidney from each animal was frozen in liquid nitrogen and stored at 

-80 °C, while a coronal section of the other was placed in 10% neutral 

buffered formalin for histopathological analysi~. 

Analyses of Blood. Tissue. and Urine 

Enzymes 

y-gl utamyl Transpepti dase. Ana 1 ysi s of y -gl utamyl transpep

tidase (GGT) activity in urine and renal tissue was performed according 

to the method of Silber et ale (1986). Enzyme activity was determined 

by measuring the rate of hydrolysis of the chromogenic substrate GPNA 

to liberate p-nitroaniline. 

0.03 ml of each biological sample was pipetted into individual 

wells of a microtiter plate. The reaction was initiated by adding 0.25 

ml of the substrate solution to each sample-containing well. The 

absorbance (at 405 nm) of each microtiter plate wells was recorded at 



30 

the beginning and end of a 10 min incubation period. Enzyme activity 

was determined by measuring the change in the absorbance (~A) of indi

vidual plate wells during this 10 min incubation period at 23°C. 

GGT activity was calculated by determining the mass of 

p-nitroaniline generated during the incubation period, as determined by 

a regression equation generated from the standard curve. A unit of GGT 

activity was defined as that quantity 1 iberating 1 umol of p-nitro

aniline per min at 23°C. In tissue, GGT activity was expressed per 

tissue weight or protein content; GGT activity in urine was normalized 

to creatinine content. 

N-Acetyl gl ucosaminidase. Analysis of N-acetyl gl ucosaminidase 

(NAG) activity in urine was determined by a modification of the kinetic 

method described by Maruhn (1976). This assay was modified to micro

titer plates and microtiter plate readers. NAG activity was determined 

by measuring the rate of hydrolysis of the chromogenic substrate p-nNAG 

to 1 iberate p-nitrophenol. After incubating urine samples with the 

substrate for a defined incubation period, an alkaline buffer was added 

to terminate NAG activity; this step also converts liberated 

p-nitrophenol to p-nitrophenylate ion, which is measured spectrophoto

metri cally. 

In this kinetic microassay 0.02 ml of each urine sample was 

pipetted into individual wells of duplicate microtiter plates. 0.05 ml 

of AMP buffer was added to the well s of the fi rst pl ate, followed by 

0.05 ml of substrate solution. This plate was designated "sample 

blank", since adding the AMP buffer before substrate solution prevented 
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any enzymatic hydrolysis of the substrate; the optical absorbance of 

this pl ate was used to correct for variations in urine color. Next, 

0.05 ml of substrate sol uti on pre-warmed to 37 °c was added to each 

well of the second pl ate; this second pl ate was then incubated for 5 

mi n at 37 °C. At the end of thi s i ncubat ion 0.05 ml of AMP buffer was 

added to a 11 we 11 s of thi s "samp 1 e react i on" plate to termi nate all 

enzyme acti vity. The absorbance of both microtiter pl ates at 405 nm 

was then recorded. The optical absorbance of well s in the "sampl e 

blank" plate were subtracted from wells in the "sample reaction" plate 

to yield a ~A value. A reagent blank was a1so included in the assay to 

correct for spontaneous hydrolysis of the substrate. 

The mass of p-nitrophenol liberated in the assay was determined 

by compari son of sampl e M with the standard curve. These data were 

used to calculate NAG activity, with one unit defined as the amount of 

enzyme liberating 1 umole of p-nitrophenol per min at 37 °C. Urinary 

NAG activity was always normalized to urinary creatinine concentration. 

Cysteinylglycine Dipeptidase. Analysis of cysteinylglycine 

dipeptidase (CGD) activity in kidney tissue or urine was based on a 

modification of the assay described by Tovey et ale (1973). The acti

vity of this enzyme was determined kinetically by determining the rate 

of liberation of p-nitroaniline during incubation of samples with the 

chromogenic substrate SBCN. This assay was modified to microtiter 

plates and microtiter plate readers. 

Urine and tissue samples, substrate solution, and microtiter 

plates were prewarmed to 37 °C. 50 ~l of each sample was pipetted into 
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individual microtiter piate wells, then 200 III of substrate solution 

was added to each sample. Following a 10 min preincubation period an 

initial plate absorbance was measured at 405 nm. Then plates were 

covered and incubated at 37°C for 60 min. The pl ates were removed 

from the incubator, uncovered, and a second absorbance measurement made 

using the plate reader. 

CGO activity was calculated by determining the mass of 

p-nitroaniline generated during the 60 min incubation period, as 

determined by a regression equation generated from the standard curve. 

A unit of eGO activity was defined as that quantity liberating 1 Ilmol 

of p-nitroaniline per min at 37 °e. In tissue, eGO activity was 

expressed per tissue weight or protein content; eGO activity in urine 

was normalized to creatinine content. 

Lysozyme. Analysis of urinary lysozyme activity was performed 

using a turbidimetric method (Houser 1983). In this assay the enzyme

containing sample was added to a suspension of the bacteria Micrococcus 

lysodeikticus; lysozyme activity was proportional to the rate of 

"clearing" (decreased absorbance) of the bacterial suspension. 

0.2 ml of sample, standard, or water (blank) was pipetted into 

individual cuvettes. The reaction was initiated by addition of 2.0 ml 

of the substrate sol ution to the contents of each cuvette. After a 2 

min preincubation period the absorbance of each cuvette was determined 

at 570 nm. A second absorbance measurement was made 5 min later. This 

method was used to determine the 8A of samples, standards, and reagent 

blanks during the 5 min incubation period. 
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Sample lysozyme activity was calculated by comparing the ~A of 

samples with a regression line generated from the lysozyme standards, 

after correcting for any ~A in the reagent blank. 

Additional Clinical Chemistry Measurements 

Blood Urea Nitrogen. Blood urea nitrogen (BUN) 1 eve1 s were 

determi ned by a co 1 orimetri c method. In thi s assay urease converts 

urea into ammonia and C02; the ammonia is then combined with phenol and 

alkaline hypochlorite to form indophenol using sodium nitroprusside as 

a catalyst (Chaney and Marbach 1962). 

0.2 m1 of buffered urease sol ution was pipetted into 150 X 16 

mm test tubes. Next, 20 ~1 of serum, standard, or water (reagent 

blank) was pipetted into each test tube, and all tubes incubated in a 

37°C water bath for 15 min. After this incubation period, 1 m1 of 

phenol color reagent was added to all tubes with mixing, followed by 

addition of 1 m1 alkaline hypochlorite solution with mixing. Then the 

tubes were returned to the water bath for an additional 15 min. After 

this second incubation all tubes were again removed from the water bath 

and 10 ml of water was added to each tube with mixing. The absorbance 

of the test and standard solutions were determined at 630 nm, with the 

reagent blank solution used to zero the spectrophotometer. 

Serum BUN levels were calculated by comparing the absorbance of 

samples with a regression line generated from the urea standards; BUN 

levels were expressed as mg/d1. 

Urinary Creatinine. Urinary creatinine content in experimental 

animals was determined by modification of a direct colorimetric method 
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(Heinegard and Tiderstrom 1973). In this assay the absorbance of a 

creatinine-picrate complex was compared before and after acidification 

of a creatinine-alkaline picrate complex at 500 nm. The difference in 

the optical absorbance is proportional to creatinine concentration. 

This assay was modified to microtiter plates and microtiter plate 

readers. 

All urine samples used in this assay were diluted 1:10 with 

water. 30 ~l of standards and diluted urine samples were pipetted into 

individual wells of a microtiter plate. After adding 200 ~l of alka

line picrate solution to each well, the plate was left at 23°C for 10 

min to allow for color development. The optical absorbance of the 

pl ate was measured with the pl ate reader, then 50 ~l of di 1 uted acid 

reagent was added to each we 11. 5 mi n after add it i on of aci d the 

absorbance of the plate was recorded again. 

The change in absorbance (~A) after acidification was directly 

proportional to the sample creatinine concentration. Urinary creati

nine concentration was calculated by comparing the ~A of the samples 

with a regression equation derived from the creatinine standards, and 

correct i ng for the uri ne di 1 ut i on factor. Uri nary creat i ni ne concen

tration was expressed as mg/dl or ~g/ml. 

Glutathione. Tissue and urinary levels of reduced glutathione 

(GSH) were measured according to the fluorometric method of Hissin and 

Hilf (1976). In this method GSH reacts with OPT to form a fluorescent 

adduct. This method was modified by incorporating Na2S into the assay 
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in order to block the interference that metals such as mercury can 

cause in the determination of GSH. 

For analysis of renal GSH a portion of kidney was homogenized 

in phosphate buffer and HPO? using the following proportions: 250 mg 
~I 

tissue: 3.75 m1 phosphate buffer: 1 m1 HP03. 1.3 m1 of these homoge

nates were combi ned with 0.1 m1 of Na2S so 1 ut i on and 0.1 m1 water in 

microcentrifuge tubes. In the analysis of urine or GSH standards 0.1 

m1 of urine or standard was combined with 0.1 m1 of HP03' 0.1 m1 of 

Na2S solution, and 1.2 m1 of phosphate buffer in microcentrifuge tubes. 

Subsequent steps (described below) in the analysis of GSH was the same 

for tissue, urine, and standards. 

A 11 tubes were cent ri fuged for 10 mi n at 12,000 x gin a 

mi crocent rifuge. 0.25 m1 of the supernatant was added to 2.25 m1 of 

phosphate buffer in a test tube. 0.2 m1 of this solution was combined 

with 1.7 m1 of phosphate buffer and 0.1 m1 of OPT sol ution, then 

incubated for 15 min at 23 aC. Since the reaction of OPT with GSH is 

very dependent on the incubation time, the f1 uorescent emmission of 

each tube was measured exactly 15 min after combining OPT with the GSH 

samples. Fluorescence was measured at 420 nm, with excitation set at 

350 nm. 

Tissue and urinary GSH levels were calculated using a regres-

sion line generated from the standards. GSH levels in urine were 

normalized to creatinine content, while tissue GSH was expressed as a 

function of weight or protein content. 
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Protein. The protein content of tissue or urine was measured 

using the dye-binding method described by Bradford (1976). In this 

method the binding of protein to a dye results in the formation of a 

colored product which is measured spectrophotometrical lye 

60 ~l of sample, standard, or water (blank) was mixed with 3.0 

ml or the working reagent. After 5 min the absorbance of the mixtures 

were measured with a flow-through spectrophotometer with a filter set 

at 595 nm. The blank was used to zero the spectrophotometer. 

Sample protein concentrations were calculated by comparison 

with a curve generated from the BSA protei n standards; 1 i near regres

sion could not be used since the standard curve was always non-linear. 

Glucose. Urinary glucose levels were determined by a glucose 

oxidase rate method using a glucose analyzer. In this method glucose 

oxidase is used to catalyze a reaction in which sample glucose combines 

with dissolved oxygen to form gluconic acid and hydrogen peroxide. The 

maximum rate at which dissolved oxygen is consumed in this reaction is 

directly proportional to the glucose concentration; an oxygen electrode 

measures this rate and calculates glucose concentration based on a 

standard curve constructed with known glucose concentrations (20 - 150 

mg/dl). Urinary glucose was expressed as mass excreted per unit time, 

or normalized to urinary creatinine content. 

Sodium and Potassium. Urinary Na+ and K+ levels were measured 

with a flame photometer. The high sensitivity of this instrument 

required that all urine samples be diluted 1:100 with water prior to 

analysis. 
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Urinary Na+ and K+ concentrations were calculated by using 

regression equations generated by the Na+ and K+ standards, then 

correcting for the urine dilution. Urinary Na+ and K+ were always 

normalized to creatinine. 

Glomerular Filtration Rate. GFR was determined by measuring 

the clearance of radio1abe11ed inulin (Stitzer and Martinez-Maldonado 

1978). In this method the concentrations of [3HJinu1in in plasma and 

urine samples were determined by liquid scintillation counting. GFR 

was then ca 1 cu 1 ated in the fo 11 ow; ng manner. The concent rat ions of 

[3HJinu1in in plasma at the beginning and end of a urine collection 

interval were averaged to yield a mean plasma inulin concentration. A 

mean urinary inulin concentration was calculated in an analogous 

manner. These data and the volume of urine excreted during the col lec

tion interval were used to calculate GFR using the fol lowing equation: 

Electrophoresis 

SOS-po1yacrylamide (SOS-PAGE) gel electrophoresis of urinary 

proteins was performed according to the method of Laemm1 i (1973). A 

standard discontinuous buffer system was used with gels of 12% acryla

mide without modification. Urine samples were centrifuged on centricon 

filters to acheive a suitable protein concentration and then dissolved 

in a solution of 1% SOS, 5% 2-mercaptoethanol, and 0.01% bromophenol 

blue. Gels were stained for 8 hr with Coomassie Brilliant Blue R-250, 

then destained with an acetic acid solution. 
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Histopathology 

Hemispheric sl ices of kidneys were fixed in 10% neutral 

buffered formalin, then embedded in glycol methacryl ate. 2.0 micron 

sections were stained with hematoxylin-eosin phloxine according to the 

method of Castro (1985) and examined by light microscopy. 

For histochemical demonstration of GGT activity in hemispheric 

sections of rat kidney we used the method described by Rutenberg et ale 

(1969). In this method 6-8 micron frozen cryostat sections of kidney 

were air-dried at 25°C, then incubated with GMNA substrate solution 

for 5 min. Following incubation the tissues were rinsed in 0.85% NaCl 

for 2 min, immersed in cupric sulfate solution for 2 min, then rinsed 

again in 0.85% NaCl for an additional 2 min. After air-drying the 

stained sections were cover-slipped and examined by light microscopy. 

Statistical Analyses 

In the rabbit experiments each treatment group contai ned 3 or 

more animals; experiments using rats always used 4 animals in each of 

the treatment groups. Treatment means were compared by analysis of 

variance. Fisher's least significant difference test and Duncans test' 

were used for post-hoc analysis where appropriate (Sokal and Rohlf 

(1981). P values <0.05 were considered significant. 



RESULTS 

Acute DCVC Nephrotoxicity in the Rabbit 

Reports in the scientific literature concerning the progression 

of renal dysfunction within hours after acute nephrotoxic injury are 

limited in number and scope, thus the early chronology of kidney dys

function remains a poorly understood phenomenon. The purpose of the 

following experiment was to examine and compare indicators of kidney 

damage in vivo fol lowing acute intoxication with the bioactivated 

nephrotoxi cant DCVC. The 3 doses of DCVC used in these experiments 

were 20,40, and 50 mg/kg, representing low, medium, and high doses, 

respectively; a fourth group of animals designated as "con trol ll was 

dosed with an isotonic saline solution. These doses were chosen because 

DCVC toxicity in rabbits occurs over a narrow dose range. Anesthetized 

New Zealand White Rabbits were used since these animals were large 

enough to permit the required surgical manipulations; in addition they 

produced suffi ci ent quant it i es of uri ne duri ng the bri ef co 11 ect ion 

periods to permit measurement of several urinary consituents. 

Comparison of Early Indicators of Renal Dysfunction 

Urinary Protein Excretion. The urine of animals with intact 

renal function normally contains only trace amounts of protein. Large 

plasma proteins are not filtered through the glomerulus, and those low 

molecular weight proteins present in the glomerular ultrafiltrate are 

39 
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almost quantitatively reabsorbed at the proximal tubule. With few 

exceptions an increase in urinary protein excretion is indicative of 

renal dysfunction, usually at the level of the glomerulus or proximal 

tubule. In these experiments significant increases in urinary protein 

excretion above control levels were observed as soon as 30 min after 

DCVC intoxication (Figure 1). Treatment groups receiving 40 and 50 

mg/kg DCVC doses reached maximal protein excretion levels 2-3 hr after 

exposure; thereafter the rate of protein excretion decl ined. In ani

mals receiving 20 mg/kg DCVC, urinary protein excretion reached a 

plateau, remaining at this level throughout the experiment. 

Urinary Glucose Excretion. Glucose, like protein, is not 

excreted in 1 arge amounts in the urine of animal s with normal kidney 

function. Elevated plasma glucose levels can saturate tubular reuptake 

mechanisms for this sugar, resulting in the excretion of glucose into 

the urine. However, in the absence of high plasma glucose levels, 

glucosuria is an indication of abnormal proximal tubule function. 

Significant glucosuria was observed in those animals receiving 

i ntermedi ate (40 mg/kg) and hi gh (50 mg/kg) doses of DCVC (Fi gure 2). 

However, glucosuria was not observed until 2.5 - 3 hr after exposure to 

DCVC in these two treatment groups. Urinary glucose excretion in the 

low-dose (20 mg/kg) group was never significantly different from con

trol levels throughout the experiment. 

Most of the animals also had an unexpectedly high level of 

urinary glucose excretion prior to DCVC dosing. This may have been due 

to an initial effect of the anesthetic, resulting in a stimulation of 
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Figure 1. Urinary protein excretion in rabbits at various times after 
an iv injection of DCVC. 

Values are means ± SE of three or more animals; SE omitted 
from some points for purposes of graphic clarity. 
(*)Significantly different from the control group. 
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(*)Significantly different from the control group. 
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the liver to release sufficiently large amounts of glucose into the 

blood to overwhelm tubular glucose reabsorbtion pathways. This pheno

menon was seen in all treatment groups and always disappeared prior to 

DCVC dosi ng. 

Glomerular Filtration Rate. The glomerular filtration rate 

(GFR) is dependent on the interaction of numerous physiological 

influences. While many different pathological conditions can affect 

GFR, it may also remain unaffected by limited proximal tubule injury, 

and only decrease after severe tubule damage has occurred. 

Although fluctuations in GFR were apparent in all treatment 

groups, a dose-related decline in GFR was demonstrated (Figure 3). 

Significant decreases in GFR below control levels occurred in the high 

dose group 90 min after DCVC dosing. A simi 1 ar response was seen in 

animal s receiving the intermediate DCVC dose at 2.5 hr after dosing; 

however this differences was not statistically significant until 3.5 hr 

post-intoxication. GFR also declined gradually in both the control and 

low-dose treatment groups, but with no significant difference between 

these two groups. The early increase in GFR in the group dosed with 40 

mg/kg was unexpected, and may have been a spurious effect of the treat

ment. Renal shutdown was apparent in animals receiving 50 mg/kg DCVC, 

as indicated by a negligible GFR 3 hr after DCVC dosing. 

Blood Urea Nitrogen. BUN is a measure of the net balance of 

the urea contributed from protein catabolism and excreted by the 

kidney. Thus, BUN will gradually riSe when the excretion of urea is 

compromi sed by rena 1 ; nj ury. 
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Figure 3. Glomerular filtration rate in rabbits at various times 
after an iv injection of DCVC. 

Values are mean ± SE expressed as a percentage of the 
control group (0 mg/kg DCVC); SE omitted from some points 
for purposes of graphic clarity. (*)Significantly 
different from the control group. 
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A significant increase in BUN levels was observed only in 

animals receiving the highest dose of DCVC by 2 hr after DCVC adminis

tration (Figure 4). While BUN levels also increased slightly in the 

other DCVC-treated animals, these elevations were never statistically 

different from BUN levels in the control animals. The gradual upward 

trend in BUN observed in all treatment groups suggested that surgical 

or anesthetic stress alone may have caused minor impairment of renal 

function. 

Uri ne Vo 1 ume. Uri ne output dec 1 i ned s 1 owl yin all treatment 

groups, yet only animals treated with the highest DCVC dose exhibited a 

significant decline in urinary excretion below control levels (Figure 

5). These data were widely scattered; this may have resulted from an 

effect of the toxicant, anesthetic agent, or some other spurious effect 

of the experimental protocol. 

Histopathology. Administration of DCVC produced dose-dependent 

morphological changes 5 hr after dosing. Normal renal morphology 

(Figure 6) consisted of a tightly packed matrix of tubules with little 

i nterst i t i a 1 space vi si b 1 e. Pyknot i c nuc 1 ei were observed in some 

proximal tubular epithelial cells following DCVC dosing at 20 mg/kg 

(Figure 7); dilation of proximal tubular lumens and loss of brush 

border membrane structure were restricted to pars recta segments at 

this dose. A dose of 40 mg/kg (Figure 8) caused necrosis of both 

straight and convoluted proximal tubule segments. Amorphous eosino

philic casts were present in the dilated lumens of inner medullary thin 

1 imbs. The highest DeVC dose administered (50 mg/kg) produced severe 
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Figure 4. Blood urea nitrogen levels in rabbits at various times 
after an iv injection of DCVC. 

Val ues are mean ± SE of three or more animal s; SE omitted 
from some points for purposes of graphic clarity. 
(*)Significantly different from the control group. 
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Figure 5. Urine output in rabbits at various times after an iv 
injection of OCVC. 

Val ues are mean ± SE of three or more animal s; SE omitted 
from some points for purposes of graphic clarity. 
(*)Significantly different from the control group. 
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Photomicrograph (x 275) of hemispheric section from a 
control rabbit kidney. 
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Figure 7. Photomicrograph (x 275) of hemispheric section from rabbit 
kidney 5 hr after i v injection of 20 mg/kg DCVC. 
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Figure 8. Photomicrograph (x 275) of hemispheric section from rabbit 
kidney 5 hr after iv injection of 40 mg/kg ncvc. 
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tissue injury extending from the subcapsular region to the outer 

medullary stripe (Figure 9). At this dose, necrotic tubular epithelium 

had separated from the basement membrane in many areas of the cortex; 

no brush border remained in those proximal tubules which remained 

unfragmented. 

Comparison of Enzymuria and Glutathionuria 

with other Early Indicators of Renal Dysfunction 

The previously described in vivo rabbit experiments examined 

the sensitivity of several renal function indicators to acute renal 

injury. Proteinuria provided the earliest and most sensitive indicator 

of renal dysfunction. However, the origin of these urinary proteins 

remained unresolved. Also, these experiments did not investigate how 

acute proximal tubule damage might influence other important kidney 

functions such as electrolyte balance or glutathione (GSH) reab

sorbtion. 

The kidney pl ays a major rol e in maintaining a narrow pl asma 

range of cations such as sodium (Na+) and potassium (K+). Regul ation 

of circulating GSH levels is also dependent on the kidney as the 

primary organ responsible for catabolising circulating GSH. Thus, the 

first purpose of the fol lowing experiments was to examine the effect of 

acute tubular injury on renal handling of Na+, K+, and GSH. 

There was little indication about the nature or origin of the 

uri nary protei ns. Therefore, severa 1 enzyme markers were exami ned to 

evaluate the possible sources of the proteins present in the urine. 

Lysozyme was chosen as a representati ve low mol ecul ar weight pl asma 
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Figure 9. Photomicrograph (x 275) of hemispheric section from rabbit 
kidney 5 hr after i v inject i on of 50 mg/kg DCVC. 
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protein normally present in the glomerular ultrafiltrate and reabsorbed 

at the proximal tubul e, Y -gl utamyl transpept i dase (GGT) as a typi ca 1 

proximal tubule brush border membrane (BBM) protein, and N-acetyl-a-D

glucosaminidase (NAG) as a characteristic proximal tubular lysosomal 

marker protein. Urinary proteins were also compared by electrophoretic 

separation on polyacrylamide gels as a means of determining the excre

tion patterns and approximate molecular weights of these proteins. 

Rats were selected for these experiments instead of rabbits 

because the anesthetized rabbit was a difficult and unstable model to 

use for longer than several hr (see BUN data in previous experiment), 

and it was desirable to use an unanesthetized model. However, 

collecting urine at regular intervals from unanesthetized rabbits is 

difficult since rabbits normally excrete large amounts of urine only 

once or twice a day; in contrast rats excrete small amounts of urine on 

a frequent basi s. 

In the previous experiments blood was collected to measure BUN 

and GFR, yet neither of these parameters were very sensitive measures 

of early renal dysfunction. Rather. BUN and GFR perturbations are more 

likely associated with chronic renal impairement. Since the intent of 

this investigation was to evaluate early and sensitive indicators of 

renal injury, these two parameters were not evaluated in the following 

experiments, and blood collection was not required. Thus, with the 

exception of a single injection of the toxicant, these experiments in 

rats were essentially non-invasive. 
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Evaluation of Reserve-Sensitive Indicators 

Urinary Creatinine Excretion. Urinary creatinine serves as an 

"internal standard" to which other indicators of renal function are 

often normalized. Creatinine is freely filtered from the plasma and is 

neither reabsorbed nor secreted by the renal tubules; thus creatinine 

excretion is directly proportional to GFR. Therefore, dividing the 

concentration of any substance in the urine by the urinary creatinine 

concentration corrects for otherwise confounding variables such as 

variations in urine volume and concentration. 

Only the highest dose of DCVC had a persistent effect on crea

tinine excretion (Figure 10), causing a rapid and sustained decl ine in 

urinary creatinine excretion beginning 4 hr after dosing. This pattern 

indicated that animals dosed with 100 mg/kg DCVC suffered a significant 

depression in GFR and that overall renal function was severely compro

mised. Creatinine excretion appeared depressed in animals receiving 50 

mg/kg DCVC 6 hr after dosing; however this difference was not statis

tically significant and creatinine excretion recovered shortly 

thereafter. 

Urine Volume. There was some fluctuation in urine volume 

throughout the course of this experiment both within and between groups 

(Figure 11). A consistent effect of this toxicant was only seen in 

animals dosed with 100 mg/kg DCVC, which caused a significantly 

decreased urine volume by 20 hr after dosing. Although urine volumes 

in other treatment groups appeared to vary from control values at 
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48 

Figure 10. Urinary creatinine excretion in rats at various times after 
an ip injection of DCVC. 

Val ues are means ± SE of four animal s; (*)Significantly 
different from the control group. 
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48 

Figure 11. Urine output in rats at various times after an ip injection 
of DCVC. 

Values are means ± SE of four animals; (*)Significantly 
different from the control group. 
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several times after dosing, none of these differences were 

statistically significant due to the high variability between animals. 

Urinary K+ Excretion. The kidneys play an important role in 

regulating plasma K+ levels within a very narrow range. This cation is 

freely filtered at the glomerulus, and most (approximately 80%) is 

reabsorbed from the fi 1 trate by the proximal tubul es. However, the 

primary regulation of K+ balance occurs at the level of the distal 

tubule and collecting duct, where K+ undergoes net secretion in 

response to a variety of physiological factors. 

Urinary K+ excretion was only affected by the highest dose of 

DCVC (Figure 12). In this treatment group elevated K+ excretion began 

at 4 hr after dosing and continued until 20 hr. K+ excretion in the 

other DCVC dose groups was never al tered from control 1 evel s. 

Urinary Na+ Excretion. The regulation of Na+ excretion by the 

kidneys is an extraordinarily complex process, invol ving several 

different regions of the nephron. Like K+, most filtered Na+ is reab

sorbed by the proximal tubules, but much of the regulation of Na+ 

excretion occurs in nephron segments distal to the pars recta. 

Na+ excretion was affected by both intermediate and high doses 

of DCVC, however the effect was very different in these two treatment 

groups (Figure 13). A dose of 100 mg/kg caused elevated Na+ excretion 

early (the first 8 hr) and late (36 hr) in the experiment. This 

pattern was not consistent, since Na+ excretion in this high-dose group 

was less than controls at 12 and 20 hr after dosing. In animals dosed 

with 50 mg/kg Na+ excretion was initially elevated (at 2 hr) and 
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Figure 12. Urinary K+ excretion in rats at various times after an ip 
injection of ncvc. 
Val ues are means ± SE of four animal S; (*)Significantly 
different from the control group. 
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Figure 13. Urinary Na+ excretion in rats at various times after an ip 
injection of DCVC. 

Values are means ± SE of four animals; (*)Significantly 
different from the control group. 
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subsequent 1 y depressed (at 20 and 40 hr) after dosi ng. Na+ excret ion 

was unaltered in the low-dose group, closely following the excretion 

profi 1 e of the cont ro 1 group. 

Urinary Glucose Excretion. The highest dose of DCVC caused an 

immediate elevation in urinary glucose excretion (Figure 14); this was 

maximal at 6 hr after dosing. The intermediate DCVC dose also elicited 

glucosuria, but to a lesser degree and only 12 hr after dosing. 

Urinary glucose excretion remained at baseline levels in the low-dose 

and control treatment groups. 

Urinary Glutathione Excretion. The kidneys playa major role 

in reabsorbing plasma GSH. GSH present in the glomerular ultrafiltrate 

is catabolized by enzymes located in the brush border membrane, after 

which the constituent amino acids are transported into the tubule 

cell s. This process is efficient, and urine normally contains only 

trace quantities of GSH. 

Both the high and intermediate doses of DCVC caused glutathio

nuria (Figure 15). Elevated urine GSH occurred by 2 hr after dosing 

with 100 mg/kg and 8 hr after 50 mg/kg DCVC. Uri nary GSH was a 1 ways 

higher in the high-dose group than in the middle-dose group. GSH 

excretion in the low-dose group was never significantly different from 

control animal s. 

Evaluation of Reserve-Insensitive Indicators 

Urinary Protein Excretion. Urinary protein excretion exhibited 

a dose-dependent pattern fo 11 owi ng DCVC dosing (Fi gure 16). Protei n

uria was initially observed at 2 hr in the high dose treatment group, 
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Figure 14. Urinary glucose excretion in rats at various times after an 
ip injection of DCVC. 

Val ues are means ± SE of four animal S; (*)Significantly 
different from the control group. 
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Figure 15. Urinary glutathione excretion in rats at various times 
after an ip injection of DCVC. 

Val ues are means ± SE of four animal S; (*}Significantly 
different from the control group. 
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Figure 16. Urinary protein excretion in rats at various times after an 
ip injection of DCVC. 

Val ues are means ± SE of four animal S; (*)Significantly 
different from the control group. 
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at 6 hr in the intermediate-dose group, and at 12 hr in the low-dose 

group. At all times after dosing the urinary protein concentration was 

in the order 100 mg/kg > 50 mg/kg > 25 mg/kg. 

Urinary Lysozyme Excretion. Lysozyme is representative of a 

class of low molecular weight plasma proteins which are freely filtered 

at the glomerulus. In animals with normal renal function almost all of 

this protein is reabsorbed across the proximal tubule apical membrane; 

damage to the kidney may impair tubular uptake of lysozyme, causing it 

to be excreted in the urine. 

neve caused dose-dependent changes in urinary lysozyme excre

tion (Figure 17). Lysozyme excretion was elevated throughout the 

ent ire experi menta 1 peri od in both the hi gh and mi ddl e-dose treatment 

groups. The uri nary concentrati on of thi s enzyme was a 1 ways greater 

in animals dosed with 100 mg/kg than in those dosed with 50 mg/kg neve. 
Urinary lysozyme excretion in the low-dose group was never signifi

cantly different from controls. 

Urinary NAG Excretion. Urinary NAG derives primarily from the 

kidney. This enzyme is also present in plasma, but is too large to be 

filtered across the glomerulus in the absence of glomerular damage. 

Although present at several locations along the nephron, it occurs in 

highest concentrations in the extensive intracellular lysosomal network 

of the proximal tubules (reference). Injury to these tubules may cause 

increased permeability of the apical membrane, with "leaking" of cyto

solic (and lysosomal) proteins into the tubule lumen and excretion of 

NAG into the urine. 
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Figure 17. Urinary lysozyme excretion in rats at various times after 
an ip injection of ncvc. 
Val ues are means ± SE of four animal s; (*)Significantly 
different from the control group. 
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Urinary NAG excretion exhibited a dose-dependent pattern 

(Figure 18). Excretion of this enzyme was elevated from the earliest 

measured time point to the end of the experiment in animals dosed with 

100 mg/kg DCVC. The middle-dose treatment group also exhibited signi

ficantly elevated urinary NAG levels, but only at 12 and 20 hr after 

administering the toxicant. The levels of this enzyme in animals 

treated with 50 mg/kg were never as high as in the urines of animal s 

dosed with 100 mg/kg DCVC. Animals in the low-dose group did not 

excrete more NAG than control animals. 

Urinary GGT Excretion. GGT is a large molecular weight enzyme 

found in high concentrations in the proximal tubule brush border mem

brane. Like NAG, almost all urinary GGT is of renal origin, since it 

is not filtered across the glomerulus. Administration of DCVC caused 

dose-dependent excretion of this enzyme into the uri~e (Figure 19). 

Significantly elevated GGT levels were found by 2,4, and 8 hr after 

dosing in the 100, 50, and 25 mg/kg treatment groups, respectively. 

The urinary concentration of GGT was always in the order of 100 mg/kg > 

50 mg/kg > 25 mg/kg. Excretion of this enzyme by control animals never 

varied from normally low levels. 

Histopathology 

Administration of DCVC in rats produced dose-dependent morpho

logical changes 48 hr after dosing. The proximal tubule cells in 

control animal s exhibit normal architecture, with moderately stained 

epithelial cells surrounding a lighter staining brush border (Figure 

20). In most proximal tubul es the brush border occupied the entire 
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Figure 18. Urinary N-acetyl gl ucosaminidase excretion in rats at 
various times after an ip injection of DCVC. 

Values are means ± SE of four animals; (*)Significantly 
different from the control group 
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Figure 19. Urinary y-glutamyl transpeptidase excretion in rats at 
various times after an ip injection of DCVC. 

Val ues are means ± SE of four animal S; (*)Significantly 
different from the control group. 
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Photomicrograph (x 275) of hemispheric section from a 
control rat kidney. 
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1 uminal space, which is normal in non fixation-perfused kidneys. The 

nuclei of these cells were well rounded with visible nucleoli. Occa

sional darkly staining erythrocytes were visible in the thin vascular 

spaces between the tubules. 

The hi stopatho 1 ogi ca 1 changes caused by the low dose of DCVC 

(25 mg/kg) were primarily restricted to the brush border membrane 

(Figure 21). This injury was characterized by an abnormally di 1 ated 

1 uminal space with loss of brush border staining in many proximal 

tubule cells. In other cells the brush border remained unaltered. 

Normal cell shape and nuclear morphology were maintained in nearly all 

tubules, and glomerular morphology was not visibly affected. 

The intermediate dose (50 mg/kg) of this toxicant caused marked 

cellular damage which included all regions of the proximal tubule 

(Figure 22). Brush border was absent or severely compressed in most 

cells, resulting in very dilated luminal spaces throughout the cortex. 

Numerous large and darkly staining proteinaceous casts occluded the 

1 umi na 1 spaces of some of these cort i ca 1 tubu 1 es. The cytop 1 asm of 

most proximal tubule cells exhibited decreased staining density and 

extensive vacuolation; in some areas the cytoplasm was entirely frag

mented so that only a thin out1 ine of the tubule remained. Nuclear 

morphology remained normal in most cells, but nuclear pyknosis and 

karyolysis were observed in some regions. 

Severe injury to almost all proximal tubule cells was observed 

48 hr after dosing animals with 100 mg/kg DCVC (Figure 23). The cyto

plasm of those ce 11 s that remai ned intact was swo 11 en and contai ned 
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Figure 21. Photomicrograph (x 275) of hemispheric section from rat 
kidney 48 hr after ip injection of 25 mg/kg DCVC. 
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Figure 22. Photomi crograph (x 275) of hemi spheri c sect; on from rat 
kidney 48 hr after ip injection of 50 mg/kg DCVC. 
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Figure 23. Photomi crograph (x 275) of hemi spheri c sect i on from rat 
kidney 48 hr after ip injection of 100 mg/kg ncvc. 
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large numbers of vacuoles. Many cells were entirely fragmented and 

devoid of recognizable nuclei, their cellular contents scattered in a 

disorganized mass inside the boundaries defined by the basement mem

brane. Staining density from the outer medulla to the capsule was very 

1 ight in comparison to control s, except for the many darkly staining 

casts present in the lumens of both cortical and medullary tubules. At 

even this high dose the gl omerul i appeared unaffected, except that 

Bowman's space was larger than normal in many instances. 

Effect of Nephrotoxicants on Renal 

Glutathione and Glutathione-Related Enzymes 

The previous experiment showed that OCVC caused elevated 

urinary excretion of GSH. Futhermore, the excretion of GGT provided 

one of the earliest markers of renal dysfunction after acute OCVC

induced renal injury. This enzyme and cysteinyl glygine dipeptidase 

(CGO) are the two proximal tubule brush border membrane enzymes respon

sible for catabolising GSH into its constituent amino acids. Since the 

kidney is the major organ system responsible for catabolizing plasma 

GSH, it was of interest to investigate the mechanism of nephrotoxicant

induced glutathionuria. 

In addition to OCVC, there are many other chemicals which are 

i njuri ous to the rena 1 proxima 1 tubul e; in order to determi ne if the 

previously observed glutathionuria was a general phenomenon associated 

with the early phase of renal injury, two kidney toxicants other than 

OCVC were used in the fol lowing experient. The first was hexachloro

butadiene, a compound similar to OCVC in that it is bioactivated to a 
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nephrotoxic form. The second toxicant was mercuric chloride (HgC12)' a 

direct acting and potent kidney toxicant. 

The urinary, renal, and plasma levels of GSH, GGT and CGO were 

measured in order to ascertain the source of the excreted GSH. Unanes

theti zed rats were agai n used in these experiments, with uri ne 

co 11 ected at i nterva 1 s begi nni ng from a poi nt 3 hr pri or to dosi ng 

through the end of the exposure, 12 hr after dosing. 

Effect of Nephrotoxicants on Urinary GGT and CGO 

Urinary GGT Excretion. Both HCBO and HgC12 caused el evated 

uri nary excretion of GGT short 1 y after dosi ng (Fi gure 24). Thi s res

ponse was dose related, since the higher doses of HCBO and HgC12 

causing earl ier and more pronounced changes in the excretion of this 

enzyme. Thus, the high dose of HCBO caused a significant elevation in 

urinary GGT excretion at 4 hr post-dosing whereas the lower dose of 

this toxicant did not cause this enzyme to be elevated in the urine 

unti 1 8 hr after dosing. Al though the high dose of HgC1 2 caused an 

elevation in urinary GGT 4 hr after dosing, this change did not become 

significant until the 8 hr time point. 

The urinary excretion of GGT was also related to the toxicant; 

HCBO caused an earlier and more severe elevation in urinary GGT than 

did HgC1 2• Also, both groups treated with HCBO exhibited peak urinary 

enzyme levels at 8 hr post-dosing; GGT excretion declined in these 

groups by 12 hr. In contrast the concentration of GGT in the urine of 

animals dosed with HgC12 continued to rise throughout the 12 hr expo

sure. 
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Figure 24. Urinary Y-gl utamyl transpeptidase excretion in rats at 
various times after an ip injection of HCBD, HgC1 2, or 
i sotoni c sa 1 i nee 

Values are means ± SE of four animals; (*)Significantly 
different from the control group. 
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Urinary CGO Excretion. CGO is is similar to GGT in several 

respects. It is present in high concentrations in the brush border 

membrane of the renal proximal tubule, it has a major role in cata

bolizing GSH, and it is too large to be filtered across the glomerulus. 

In contrast to GGT, there has never been a report in the sci entifi c 

literature of the effect of nephrotoxic agents on the excretion of this 

enzyme into the urine. 

Both HCBO and HgC1 2 caused elevations in urinary CGO (Figure 

25). Only the high dose of HCBO elicited a significant change in 

urinary CGO by 4 hr after dosing; by 8 hr after dosing urinary CGD was 

increased by both the low and high doses of each toxicant. With the 

exception of the low dose of HgC1 2 the concentration of CGO was maximal 

at 8 hr post-dosing; thereafter levels declined. 

Urinary Glutathione Excretion. Both doses of HCBO and HgC1 2 

elicited glutathionuria (Figure 26). Both the magnitude of response 

and the time of appearance of this phenomenon were dose-related. The 

high doses of both toxicants caused a significant rise in urine GSH by 

4 hr after dosing, and GSH excretion was increased in all groups 

(compared with controls) by 8 hr post-injection. 

Effect of Nephrotoxicants on Renal and Serum GSH, Enzymes, and Protein 

Renal GGT and CGO Activity. These nephrotoxicants caused 

depressed levels of both enzymes in renal tissue by 12 hr after dosing 

(Figure 27). The high doses of both HgC12 and HCBD significantly 

depressed renal GGT activity below that of controls animals, while only 

the high dose of HCBD caused significantly decreased renal CGO 
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Figure 25. Urinary cysteiny1glycine dipeptidase excretion in rats at 
various times after an ip injection of HCBD, HgC1 2, or 
i sotoni c sa 1 i nee 

Values are means ± SE of four animals; (*)Significantly 
different from the control group. 



-Q) 
c 
·2 
+: 

1200 

a1 800 
Q) .... 
o 
01 

.!§ 400 
01 
:::a. 
c 200 
o 
+: 
Q) .... 
o 
x 100 w 
J: 
(J') 

~ 
o 

o 

~ HCBD 300 mg/kg 
-0- HCBD 150 mg/kg 
~ HgCI2 4 mg/kg 
-l::r- HgCI2 2 mg/l<g 
-o-CONTROL 

2 4 8 

Time Post-Injection (hours) 

79 

12 

Figure 26. Urinary glutathion~ excretion in rats at various times 
after an ip injection of HCBD, HgC1 2, or isotonic sal ine. 

Values are means ± SE of four animals; (*)Significantly 
different from the control group. 
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activity. Enzyme activities were also depressed by the low doses of 

these toxicants, but these changes were never significantly different 

from control s. 

Renal GSH and Protein Content. There was no significant effect 

of either toxicant on renal GSH levels when normalized to renal protein 

content (Table 1). However, there was a trend towards depressed renal 

GSH in animals which received the high dose of HCBO and HgC12. 

The high doses of both HCBO and HgC12 caused a significant 

decrease in tissue protein content below that of control animals 

(Table 1). While there was also a trend towards lower renal protein in 

animals which received the low doses of both toxicants, these changes 

were not significant. 

Serum GGT. CGO, and GSH Leve 1 s. Both doses of HgC1 2 and the 

high dose of HCBO caused elevated serum GGT levels by 12 hr after 

dosing (Table 2). The low dose of HCBO caused a slight by 

statistically in~~gnificant increase in serum GGT. Elevations in 

serum CGO activity al so occurred, but only after dosing with HgC1 2; 

neither dose of HCBO caused significant increases in serum CGO levels 

compared with controls. 

Neither toxicant caused a significant change in serum GSH from 

that of control s (Tabl e 2); however the 1 arge standard errors asso

ciated with these measurements may have obscured any small differences 

caused by the toxicants. 



Table 1. Effect of HCBD and HgC12 on renal GSH and protein content. 

Renal GSHa Renal Proteinb 
Treatment Content Content 

Control 8.65 ± .52 108.6 ± 4.5 

HCBD, 150 mg/kg 9.17 ± .73 103.5 ± 2.1 

HCBD, 300 mg/kg 7.45 ± .40 92.8 ± 3.2c 

HgC12' 2 mg/kg 8.79 ± .33 99.2 ± 7.0 

Hg Cl 2, 4 mg/kg 7.63 ± .86 94.6 ± 2.5c 

aValues are ~g GSH/mg protein, and represent the means ± S.E. of four 
animals per treatment grou~ 

bVa lues are 11g protei n/mg ti ssue, and represent the means ± S.E. of 
four animals per treatment group. 

cSi gni fi cant 1 y different from cont ro 1 (p < 0.05). 
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Table 2. Effect of HCBO and HgC12 on serum GGT, CGO, and GSH. 

Seruma Seruma Serumb 
Treatment GGT CGO GSH 

Control 27.5 ± 3.2 2.15 ± .15 352 ± 49 

HCBO, 150 mg/kg 31.1 ± 6.0 2.35 ± .11 378 ± 47 

HCBO, 300 mg/kg 49.0 ± 4.5c 2.38 ± .08 432 ± 34 

HgCl,2 ' 2 mg/kg 45.0 ± 3.7c 2.44 ± .02c 363 ± 62 

HgC1 2, 4 mg/kg 74.9 ± 11.2c 2.78 ± .21 c 330 ± 27 

aValues are mU GGT or eGO per ml serum, and represent the means 
± S.E. of four animal s per treatment group. 

bVa 1 ues are llg GSH/ml serum, and represent the means ± S.E. of four 
animals per treatment group. 

CSignificantly different from control (p < 0.05). 
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GGT Histochemistry after HCBD and HgCl? 

GGT activity has been demonstrated in plasma and in different 

tissues, however it occurs in greatest concentration in the brush 

border membrane of the renal proximal tubule. As such it is distri

buted throughout the cortex, but is totally absent in the renal inner 

stripe and papilla areas. This renal distribution pattern can be 

visualized by incubating thin sections of kidneys with a chromogenic 

substrate. GGT converts this substrate to an insoluble colored product 

which can be observed by light microscopy. 

Both HCBD and HgC1 2 altered the pattern of GGT distribution 

\'lithin the kidney from that observed in control animals. In unintoxi

cated ani rna 1 s GGT was confi ned to a regi on extendi ng from the outer 

medulla to the subcapsular cortex (Figure 28); there was no staining of 

any structures in the inner medulla or papilla. In contrast, the 

kidneys of both HCBD and HgC12 treated animals exhibited GGT activity 

in the inner medulla and papil la, and decreased enzyme concentration in 

the cortex (Figure 29). These changes were dose-associated, such that 

GGT activity was greater in the inner medulla of animals treated with 

the high doses of HCBD and HgC 12 than in those treated with the lower 

doses of these toxicants. 

Cortical GGT activity was always associated with the proximal 

tubule brush border of all treatment groups, producing a well differen

tiated staining pattern in which the highest staining density was found 

in the inner cortical proximal tubules. In contrast, the enzyme acti

vity in the inner medulla of HCBD and HgC1 2 treated animals was not 
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Figure 28. Photomicrograph (x50) showing distribution ofy-glutamyl 
transpeptidase in hemispheric section from control rat 
kidney. 



Figure 29. 
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Photomicrograph (x50) showing distribution of y-glutamyl 
transpeptidase in hemispheric section from rat kidney 
dosed with 150 mg/kg HeBD. 
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consistently associated with any identifiable tubule structure; instead 

it appeared as irregularly shaped masses confined within the luminal 

spaces of tubules from the medullary outer stripe to the tip of the 

papilla. This pattern resembled that of the eosinophilic casts 

observed after administration of 50 and 100 mg/kg DCVC to rats. 

Electrophoretic Profile of Urinary Proteins 

The previous experiments demonstrated that the profile of 

urinary protein excretion varied with both dose and time after adminis

tration of DCVC. Evidence to support this observation was based on the 

analysis of several key proteins which possessed enzymatic activity. 

However, it is likely that only a small percentage of those excreted 

proteins were enzymatically active. Many other proteins (e.g. tubule 

structural elements) which are not enzymes may have also been excreted 

into the urine. Polyacrylamide gel electrophoresis provided a tool for 

examining the ch~ ging patterns of ~ urinary proteins excreted after 

DCVC dosi ng. 

In this experiment the urines of rats dosed with 0, 25, 50, and 

100 mg/kg DCVC were used as samples; urines from each treatment group 

and collection period were pooled so that a total of 32 pooled samples 

(4 groups x 8 collection intervals) were examined. Urines were diluted 

or concentrated where necessary in order to permit comparison of equal 

amounts of protein from each pooled sample. 30 ~g of protein from each 

of the pooled samples was solubilized in sodium dodecyl sulfate and 2-

mercaptoethanol, then electrophoresed on gels containing 12% 

acrylamide. 
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The electrophoretic patterns of the urinary proteins varied 

markedly with both dose and time (Figures 30 and 31). The protein 

pattern associated with control urines at all timepoints was character

ized by a predominant 66,000 molecular weight (66K) band. Other bands 

smaller than BSA were not prominent in control urine, except at the 6 

hr timepoint (lane 10); this abnormal protein profile probably arose 

from accidental contamination by a neighboring sample (lane 9). 

The profile of urines from animals dosed with 25 mg/kg DCVC 

al so contained a prominent 66K band for the first 10 hr post-dosing. 

However, this band was significantly diminished at the 14 to 36 hr 

timepoints, only to return by the last (48 hr) collection period. A 

clearly distinguishable band of aprroximately 21.5K molecular weight 

was also present in this group from 4 to 14 hr after dosing. 

The changes in the urinary protein profiles of animals dosed 

with 50 and 100 mg/kg DCVC were more dramatic and appeared earlier than 

in animals which received the low dose of this toxicant. For example, 

a similar 21.5K band was also present in these two higher dose groups, 

but appeared at an earlier timepoint (2 hr) than in the animals dosed 

with 25 mg/kg DCVC. The previously prominent 66K band was also absent 

or greatly diminished in both of these groups; again this change was 

observed earl i er (at 6 hr) in the i ntermedi ate and hi gh dose groups 

compared with the low dose group. 

There was a marked difference in the urinary protein patterns 

observed in animals dosed with 50 mg/kg and 100 mg/kg DCVC. In the 50 

mg/kg dose group the 66K band was great 1 y reduced at 6 through 24 hr 
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Time After DCVC Dose Time After DCVC Dose 
Lane Dosing {hr) {mg/kg) Lan~ Dosi ng (hr) (mg/kg) 

2 2 0 10 6 0 
3 2 25 11 6 25 
4 2 50 12 6 50 
5 2 100 13 6 100 
6 4 0 14 10 0 
7 4 25 15 10 25 
8 4 50 16 10 50 
9 4 100 17 10 100 

(Lanes 1 and 18 are molecular weight standards) 

Figure 30. Electrophoretic profile of rat urinary proteins excreted 
2 - 10 hr after ip injection of DCVC. 
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Time After DeVe Dose Time After DeVe Dose 
Lane Dosing {hr} {mg/kg} Lane Dosing {hr} {mg/kg} 

2 14 0 10 36 0 
3 14 25 11 36 25 
4 14 50 12 36 50 
5 14 100 13 36 100 
6 24 a 14 48 a 
7 24 25 15 48 25 
8 24 50 16 48 50 
9 24 100 17 48 100 

(Lanes 1 and 18 are molecular weight standards) 

Figure 31. Electrophoretic profile of rat urinary proteins excreted 
14 - 48 hr after ip injection of DeVe. 
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timepoints, but reappeared 36 and 48 hr after dosing. This band was 

al so diminished in the 100 mg/kg dose group by 6 hr post-dosing, but 

never reappeared at any of the later timepoints. 



DISCUSSION 

Two goals motivated this research. The first was to find 

better earl y indicators of renal dysfunction than those currently in 

use. The data presented clearly demonstrated that the urinary excre

t i on of protei nand speci fi c brush border enzymes prov i de more 

sensiti ve measures of early renal proximal tubul e dysfunction than 

other traditional indicators of kidney function. 

A second and re 1 ated goa 1 was to better understand the earl y 

~thogenesis of toxicant-induced proximal tubule injury. This was 

accomplished by evaluating the chronological changes of many different 

rena 1 funct i on parameters fo 11 owi ng acute rena 1 i nj ury. When combi ned 

with an analysis of the excreted urinary proteins, these data demon

strated that sloughing of brush border membrane components was one of 

the earliest changes in cellular structure/function pursuant to acute 

tubular injury. This event was followed by perturbations of proximal 

tubule transport functions sufficient to cause elevated urinary excre

t i on of fi 1 tered plasma so 1 utes, as we 11 as the re 1 ease of proxima 1 

tubule lysosomal proteins into the urine. 

Early Indications of Renal Proximal Tubule Dysfunction 

In the majority of experiments reported in recent years con

cerning acute nephrotoxicity, only one or two renal function parameters 

were measured 24 hr after chemically induced injury. While such studies 

served to demonstrate nephrotoxicant-induced injury at a single 

92 
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point in time, they did little to further understanding of the complex 

continuum of events resulting from the interaction between a noxious 

chemi ca 1 and the rena 1 tubul e. In the occasi ona 1 study where measure

ments were made at more than one timepoint, the interval between these 

measurements was more often than not also 12 or 24 hr. Unfortunately, 

recent evidence suggests that numerous changes in renal tubul e 

structure/function occur much earlier than 24 hr after administration 

of a nephrotoxicant to an experimental animal. 

For example, a study by Kirschbaum et al. (1981) showed that 

subtle changes in microvillar morphology could be detected as early as 

one ~r after injecting rats with sodium chromate. These investigators 

also found decreased brush border membrane enzyme activity and 

increased excretion of urinary enzymes such as NAG and lysozyme by two 

to four hr after dosing with chromate. In an earlier study, rats 

injected with chromate also excreted abnormally high levels of two 

brush border membrane enzymes into the urine witihn a few hr after 

dosing (Stroo and Hook 1977). However, other indicators such as BUN 

remained unaltered until 9-24 hr after chromate intoxication. 

Such experimental evidence suggests that traditional indicators 

of renal function (e.g. BUN and GFR) may not be the best early markers 

of the initial stages of proximal tubule injury. The data presented in 

this dissertation confirms this hypothesis by showing that specific 

renal function markers are altered by doses of nephrotoxicants which 

have no effect on other IItraditional li indicators of kidney status. The 

following discussion concerns these kidney function indicators, and 
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considers why some are more sensitive than others to the early time

course of proximal tubule injury. 

Comparative Sensitivity of Renal Function Indicators 

Urinary Protein and GGT Excretion. Proteinuria was among the 

earl iest and most sensitive indicators of acute DCVC-induced renal 

tubule injury in experiments using both anesthetized rabbit and 

conscious rat models. In both systems proteinuria provided a superior 

measure of early renal dysfunction than many other indicators including 

BUN, GFR, urine volume, and the urinary excretion of creatinine, 

glucose, Na+, K+, lysozyme, and N-acetylglucosaminidase (NAG). 

Many other studies have al so documented that proteinuria can 

serve as an indicator of acute renal dysfunction. It is well docu

mented that a wide range of glomerular and/or tubular abnormalities may 

lead to a marked rise in urinary protein excretion (Strober and 

Waldmann 1974, Bourdeau and Carone 1974, Cojocel et ale 1984). 

Such observations are not limited to animal experimentation. 

Several studies have reported that workers exposed to occupational 

nephrotoxicants exhibited elevated excretion of urinary proteins and 

selected enzymes, even when these same workers did not exhibit other 

"classic" symptoms of renal dysfunction (e.g. elevated BUN, decreased 

GFR). For example, Franchini et al. (1983) demonstrated increased 

urinary excretion of protein and specific enzymes (NAG, lysozyme, 

glucosidase) among shoemakers and laminators who were regularly 

exposed to relatively high levels of C5-C7 alkanes. 
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However, few studies have examined the proteinuric response 

immediately (within a few hours) after kidney intoxication; many pub

lished reports have completely glossed over the early sequence of renal 

dysfunctional changes which follow acute renal intoxication. In so 

doing those investigators have failed to determine the sensitivity of 

different markers to detect early renal dysfunction. An example is the 

recent report by Halman et ale (1986) in which the investigators 

examined the excretion patterns of urinary enzymes and protein after 

administration of the medullary toxicant propyleneimine. These inves

tigators claimed that protein excretion was a sensitive "early" marker 

of acute medullary injury, yet the earliest measurement of protein 

excret i on was on 1 y made 24 hr after admi ni steri ng the toxi cant. By 

this timepoint a variety of other renal function parameters (urine 

volume, osmolality, sodium, and NAG excretion) had also been signifi

cantly affected. Thus, those authors could not (and did not) make any 

conclusions concerning the relative sensitivity of urinary protein to 

any of these other indicators. 

In contrast, the datu presented in this dissertation have 

demonstrated that these various markers are not all equal when it comes 

to "signalling" acute renal tubule dysfunction. This conclusion was 

only made possible by employing an experimental approach in which the 

kidney function parameters were evaluated as early as 30 min after 

exposure to a renal toxicant. 

Specifically, urinary protein was the ~ indicator affected 

by the low dose of neve in the rabbit model. Significant elevations in 
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urinary protein excretion were observed shortly after administering all 

doses of DCVC. A simi 1 ar resul t was obtai ned in the subsequent rat 

experiments, where even the lowest dose of DCVC again caused a signifi

cant increase in urinary protein excretion. 

14hen urinary GGT was also evaluated in the rat experiments, it 

was found equal to protein as a sensitive marker of early and limited 

proximal tubular dysfunction, since the lowest DCVC dose also caused 

elevated excretion of this enzyme. Both of these parameters were 

affected in a dose-dependent manner such that the higher doses of DCVC 

elicited an earlier and more elevated excretion of protein or GGT than 

lower doses of this toxicant. 

Excretion of Glucose. GSH, and Lysozyme. Although unaffected 

by the low-dose of DCVC, many renal function indicators were altered by 

the intermediate dose of DCVC. Included in this group were urinary 

glucose, GSH, and lysozyme. These compounds could be considered 

together as filtered plasma constituents which are quantitatively reab

sorbed at the proximal tubule. This may explain why these three 

sol utes were "approximately" equal indicators of renal dysfunction. 

However, one apparent di fference between these i ndi cators was 

that each was altered at different times after dosing with 50 mg/kg in 

the rat experiments. This may be due to the susceptibility of indivi

dual tubular reuptake mechanisms to DCVC. Thus, lysozyme reabsorbtion 

may have been more susceptible to a 50 mg/kg dose of DCVC than glucose 

transport, causing el evatf~d urinary lysozyme earl ier (at 2 hr) than 

gl ucosuri a (at 12 hr). Thi s di fferent i a 1 sens i t i vi ty among fi 1 tered 
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plasma solutes has not been previously addressed by other investi

gators. 

Urinary Na+ and K+. Urinary Na+ excretion was also altered by 

the intermediate DCVC dose; however it must be considered that the 

renal handling of this solute is very different than that described for 

glucose, GSH, and lysozyme. First, only about 70% of the filtered Na+ 

is reabsorbed at the proximal tubule. The remainder is reabsorbed in 

the more distal regions of the nephron in response to variable physio

logical influences such as plasma salt balance, vasopressin, and 

aldosterone (Valtin 1983). 

The inconsistent and changing patterns of Na+ excretion in the 

rat experiments made it difficult to suggest how DCVC influenced renal 

Na+ handling. These changing patterns were observed in all treatment 

groups (even in control animal s), and may refl ect a normal diurnal 

cycle of Na+ excretion. This hypothesis is supported by the approxi

mately 24 hr pattern of Na+ excretion in the control animal s; trough 

Na+ excretion occurred at 4 and 30 hr, while peak excretion timepoints 

occurred at 12 and 40 hr. One possible effect of the intermediate and 

high DCVC doses may have been to disrupt and/or shift this cycle of Na+ 

excretion, producing the observed results. 

The urinary excretion pattern of the other cation (K+) after 

DCVC intoxication was less variable, but only the highest dose of this 

toxicant caused any change in K+ excretion from control levels. Thus, 

neither Na+ nor K+ excretion provided good measures of proximal tubule 

dysfunction; K+ was insensiti ve to all but the highest dose of DCVC, 
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while Na+ excretion was inconsistent and highly variable. This result 

was not suprising since renal regulation of Na+ and K+ excretion occurs 

primarily at the distal tubules and collecting ducts; these regions of 

the nephron remained unaffected by all except the highest dose of DCVC. 

Other Markers of Proximal Tubule Injury. In addition to uri

nary K+, the least sensitive measures of early renal injury included 

BUN, GFR, creatinine excretion, and urine volume; these parameters were 

only changed by the highest dose of DCVC. It was not suprising that 

each of these were insensitive markers of the early phase of acute 

nephrotoxicity. For example, GFR is primarily controlled by pre- and 

post-gl omerul ar arteriol ar tone and pl asma oncotic pressure, factors 

which should not have been unaffected by the low and intermediate DCVC 

doses. The decreased GFR seen after the high dose of this toxicant in 

rabbits may have been due to occlusion of proximal tubules with cellu

lar debris, or to an indirect effect such as reflex activation of the 

renin-angiotensin system. Numerous hypotheses have been proposed to 

explain the etiology of toxicant-induced acute renal failure, and this 

subject remains poorly understood and controversial (Oliver et ale 

1951, Fl amenbaum 1973, Patak et ale 1979). That the rabbit and rat 

kidney maintained normal creatinine excretion, BUN, and urine volume 

after low and intermediate doses of DCVC also confirmed that these 

functions are regulated by many factors which remained unaffected by 

damage restricted to the proximal tubule. 
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Early Pathogenesis of Toxicant-Induced Proximal Tubule Dysfunction 

The early course of proximal tubule dysfunction is not a single 

event which occurs at 12 or 24 hr after exposure to an injurious agent; 

rather, it is a process of continuous changes which starts with the 

first interaction between nephrotoxicant and kidney. Thus, a primary 

goal of this research was to examine the early progression of renal 

proximal tubule injury by evaluating a multitude of renal function 

indicators at numerous timepoints shortly after administering a proxi

mal tubule toxicant. 

Injury to the proximal tubule may result in sloughing of brush 

border membrane into the tubule lumen, after which it (and its consti

tuent components) is excreted into the urine. Included in this group 

of luminal membrane components is GGT; the high sensitivity of this 

membrane marker relative to other indicators of renal injury suggests 

that sloughing of brush border components can occur without otherwise 

detectable disruption of proximal tubule function. This was observed 

in rats dosed with 25 mg/kg DCVC. At thi s dose both GGT and protei n 

excretion were significantly elevated, whereas no change occurred in 

the urinary levels of glucose, GSH, or lysozyme. 

These data do not necessarily suggest that reuptake of glucose, 

GSH, and lysozyme remained completely unimpaired at this dose. Rather, 

the "funct i ona 1 reserve" of the kidney was apparent 1 y suffi ci ent to 

maintain transport of these substances after limited damage caused by 

the low-dose of DCVC; only after this "reserve" was overcome by the 
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higher doses of this toxicant were normally reabsorbed sUbstances 

excreted in the urine in significant quantities. 

A variety of data support this hypothesis. For example, it has 

been demonstrated that the maximum rate at which the kidney can trans

port a substance (T m) great 1 y exceeds the norma 11 y fi 1 tered IIloadll for 

many plasma solutes. Specifically, Maack (1974) calculated a Tm for 

lysozyme in the dog of 1,000 ~g/min, a value which greatly exceeds the 

normally filtered load of 50 ~g/min. Thus, a substantial portion of 

the proxima 1 tubul e's transport capacity must be destroyed before its 

abi 1 ity to reabsorb fi ltered plasma solutes is si gni fi cant 1 y compro

mised. For this reason, the excretion of these filtered plasma solutes 

was not the best indication of very limited tubule injury. 

Renal morphology was also altered by all doses of DCVC. 

Although histopathological changes were examined 5 and 48 hr after 

dosing in rabbits and rats, respectively, DCVC-induced alterations in 

renal morphology have been demonstrated as early as 0.5 hr after dosing 

(Hassall et ale 1983a). This histopathological analysis showed that 

the low dose of this toxicant caused altered renal morphology, while 

having minimal effects on most renal function indicators. Therefore, 

kidney histopathology, while not indicative of renal function, was 

stillmore sensitive to low doses of DCVC than many other measures of 

kidney function. This supports the earlier observation that the 

IIreserve capacityll of the kidney may permit normal renal function when 

limited tubule damage has occurred. Thus, the combination of renal 
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function tests and histopathological analysis provided information that 

could not have been obtained by examining only one or the other. 

In conclusion, the earliest stage of DCVC intoxication was 

characterized by damage to and excretion of specific proteins from 

proximal tubular epithelium, while the large functional reserve of the 

kidney maintained the ability to reabsorb filtered plasma solutes. 

Only after a sufficient proportion of proximal tubul ar function was 

impaired were glucosuria, glutathionuria, and lysozymuria observed. 

Thus, the intermediate and high doses of DCVC overwhelmed this 

IIreservell capacity. In contrast, although the low dose of this toxi

cant did not overcome tubul ar reuptake systems, it was sufficient to 

cause elevated urinary excretion of protein and GGT. 

These findings serve to emphasize that the kidney is a hetero

genous organ with respect to both structure and function, and that 

selective injury to one segment of the nephron may occur It/ithout any 

detectable change in the function of other nephron regions. 

This agrees with the observations of Schoenfeld (1965) and 

others who showed that such classical indicators of renal function as 

BUN and GFR are only altered following a large reduction in effective 

renal mass. Thus, the excretion of brush border membrane components 

can provide far more sensitive indicators of early and limited proximal 

tubule injury than many other currently used measures of renal 

function. 
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Nephrotoxicant Induced Glutathionuria 

In these experiments the proximal tubule toxicant DCVC caused 

elevated urinary excretion GSH and GGT, with the latter representing a 

brush border enzyme critical to renal catabolism and reabsorbtion of 

GSH. Was there a causal rel ationship between the effect of DCVC on 

rena 1 GGT 1 eve 1 s and the observed gl utathi onuri a? I n order to test 

this hypothesis the effect of proximal tubule injury on the renal, 

plasma and urinary levels of GSH and GSH-catabolic enzymes were eval

uated. 

The results of these experiments suggest that toxicant-induced 

glutathionuria does result from disruption of proximal tubule brush 

border membrane enzymatic pathways normally responsible for GSH cata

bolism and reabsorbtion, thereby allowing filtered GSH to pass intact 

into the urine. These data also indicate that glutathionuria is a 

general consequence of proximal tubular injury, since HCBO and HgC12 

also elicited this phenomenon. 

Both HCBO and HgC1 2 el icited increased excretion of GGT and 

CGO, the two proximal tubule brush border enzymes responsible for 

catabol izing GSH. The high doses of these toxicants al so depressed 

renal 1 evel s of these enzymes, suggesting that the excreted enzymes 

originated from renal tissue. Chung et ale (1982) al so found that 

HgC1 2 depressed renal GGT activity in rats; however these investigators 

did not measure the concommitant excretion of either GSH-catabolic 

enzymes in the urine, nor did they examine the effect of this toxicant 

on renal level s of GGT or CGO. 
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HCBD and HgC12 also caused dose-dependent elevations in urinary 

GSH excretion. These initial observations suggest that toxicants which 

impair GSH-catabolic enzymes will also interfere with renal reabsorb

tion of filtered GSH. According to this simple model renal levels of 

GSH should not be affected by injury to the proximal tubule, since the 

excreted GSH ori gi nates from the pl asma instead of the ki dney. Thi s 

postulate was supported by data which showed that renal GSH levels 

remained unaltered by these toxicants. 

The data showi ng that HCBD had no effect on rena 1 GSH 1 eve 1 s 

agrees with observations previously reported by Lock and Ishmael 

(1981). These investigators showed that a dose of 300 mg/kg HCBD to 

rats did not alter renal non-protein sulfydryl (NPSH) levels, although 

this dose of HCBD did depress hepatic GSH levels. 

However, the data concerning the effect of HgC12 on renal GSH 

levels do not concur with an earlier report which showed that adminis

tration of HgC12 to rats caused a 29% decline in renal cortical non

protein sul fhydryl 1 evel s by 3 hr after dosing (Johnson 1982). These 

apparently confl icting results may be due to differences in experi

mental and analytical conditions. For example, the dose of HgC1 2 used 

by Johnson was much greater (15 mg/kg) than even the highest dose of 

HgC1 2 (4 mg/kg) used in our experiments. Secondly, HgC12 may have 

interfered with Johnson's analysis (using Ellman's reagent) of renal 

non- protei n su 1 fhydryl content. To prevent thi s interference, the 

analytical procedure for GSH used in this dissertation research 
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incorporated Na2S to block any possible interference of HgC12 with the 

fluorometric GSH assay. 

These data provide evidence that nephrotoxic injury to the 

proximal tubule can cause elevated urinary excretion of GSH. These 

data a 1 so suggest that thi s GSH was not deri ved from the ki dney, but 

that it instead originated from filtered plasma GSH which passed intact 

through the impaired proximal tubule and into the urine. 

Sources of Urinary Protein after Acute Proximal Tubule Injury 

The term "tubular proteinuria" is frequently used to denote the 

increased excretion of low and intermediate molecular weight proteins 

following renal proximal tubule injury. According to this definition 

the excreted proteins are derived from both small plasma proteins which 

are filtered but not reabsorbed by the injured proximal tubule, and 

also from the release of cellular proteins from damaged renal tubules 

(Strober and Waldmann 1974). In this pattern there is little change in 

the excretion of intermediate to large plasma proteins such as albumin 

or macroglobulin (Peterson et ale 1969, Maack et ale 1979). 

These results of these experiments suggest that this categori

zation is an oversimplification, since this proposed etiology does not 

consider that the composition of proteins excreted pursuant to proximal 

tubule injury may be altered by both the magnitude of the injury and 

the time after which the 1 esion occurs. Quite to the contrary, these 

experiments demonstrate that the composition of urinary proteins is 

not constant, but that it varies with the dose of the toxicant and the 

magnitude of the tubule lesion. These data also indicate that the 
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profile of urinary proteins changes with time, even at a given dose of 

a nephrotoxicant. Specifically, the results of these experiments show 

that the proteins excreted in the earliest stages of proximal tubule 

injury derived primarily from sloughed brush border membrane; proteins 

originating from the plasma and other parts of the proximal tubule cell 

were only observed in the 1 ater stages of tubul e injury. Evidence 

obtained from the analyses of renal histopathology, urinary enzymes, 

GGT histochemistry, and protein electrophoresis are presented in the 

fol lowing discussion to support these conclusions. 

Evidence for Source(s) of Urinary Proteins 

The first indication that DCVC-induced proteinuria derived from 

renal tissue came from histopathological evidence. Although DCVC 

caused dose-dependent damage to the proximal tubul es, the gl omerul i 

appeared unaffected when examined by light microscopy (although analy

sis at this magnification would not necessari ly reveal changes in 

glomerular permeability). Thus, the increase in urinary protein excre

tion may not have resulted from glomerular injury with concommitantly 

increased excretion of large molecular weight plasma proteins. Rather, 

while some of the excreted protein may have come from low molecular 

weight plasma proteins, others were probably of renal origin. 

Urinary Enzymes. The hypothesis that many of the urinary pro

tei ns ori gi nated from renal sources was strongl y supported by enzyme 

analysis. In rats a dose of 25 mg/kg caused elevated excretion of both 

protein and GGT, yet excretion of lysozyme and NAG remained unaffected. 

This suggests that this protein was of renal origin, that it did not 
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contain filtered plasma proteins (e.g. lysozyme), and that it did not 

deri ve from III eakage ll of proximal tubul e cytosol ic components (e.g. 

NAG). Rather, the excreted protein at this dose 1 ikely contained pre

domi nant 1 y sloughed brush border membrane elements such as GGT. At 

higher doses of DCVC elevated excretion of plasma proteins and tubule 

cytosolic proteins occurred in addition to the continued excretion of 

brush border membrane components. Thus, both the quantity and quality 

of the excreted urinary proteins were altered by different doses of 

this nephrotoxicant. 

GGT Histochemistry. Further evidence to suggest that the 

excreted GGT was of renal origin was obtained by analyzing the histo

chemical distribution of this enzyme after injury induced by HCBD or 

HgC12. In control animals GGT was restricted to those regions of the 

kidney containing proximal tubules (i.e. from the outer stripe to the 

capsule). Acute injury to the proximal tubules altered the histo

chemi ca 1 pattern, such that abnorma 11 y pos it i ve GGT stai ni ng occurred 

in the inner medulla with a concomitant decrease in staining of corti

cal tubules. The interpretation of this result is that injury to the 

proximal tubule caused sloughing of brush border membrane, which then 

passed into the distal nephron segments before being excreted into the 

urine; the positive GGT staining in the inner medulla likely repre

sented IIcastsll consisting of GGT and other apical membrane components. 

Other investigators have applied this specific histochemical 

method to demonstrate malignant transformation of liver cells; while 

GGT is not present in normal hepatic parenchyma, precancerous liver 
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foci often express this particular enzyme (Kok et ale 1978). Yet, this 

histochemical technique has rarely been used to evaluate kidney injury. 

This is suprising, since the renal proximal tubule brush border mem

brane contains a higher concentration of GGT than any other tissue. 

One recent report suggested that GGT hi stochemi st ry cou 1 d be 

used as a tool to decide whether renal grafts were suitable for trans

plantation (Heinert et ale 1984). The authors showed that kidneys 

which had been rejected by a donor exhibited markedly decreased GGT 

staining, while hypothermically perfused kidneys almost always retained 

normal levels of GGT and other brush border enzymes. Thus, the histo

chemical experiments described in this dissertation were novel in that 

they represented the first time that this method had been appl ied to 

the evaluation of kidney damage induced by a nephrotoxicant. 

Gel Electrophoresis. Analysis of the excreted urinary proteins 

by gel electrophoresis provided a means of visually characterizing 

their (approximate) molecular weight distribution. These experiments 

demonstrated several important points. First, the profile of protein 

excretion was markedly altered after intoxication with DCVC. Secondly. 

these changes were dose related, such that alterations in the protein 

profile were more dramatic after high doses of DCVC than after low 

doses. Finally, the protein patterns were not constant over time; 

rather the relative staining densities of individual protein bands were 

frequently different from one timepoint to the next. 

The electrophoretic patterns of the excreted urinary proteins 

exhi bited severa 1 interest i ng features. Certai n bands that a 1 ways 
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appeared in the urine of control animals were decreased or absent after 

DCVC dosing. Conversely, the urines of intoxicated animals often 

contained common bands not seen in the electrophoretic profile of the 

control animal urines. Furthermore, changes in these protein profiles 

were dependent on both the DCVC dose and the time after dosing. Speci

fic examples of the effects of DCVC on the electrophoretic profile of 

urinary proteins over time are considered in the following section. 

The protein profile of control urine always contained a promi

nent band near the top of the SDS-PAGE gel with a molecular weight of 

approximately 66,000 daltons (66K); during the first 4 hr after dosing 

this band was also present in the urines of all treatment groups. 

However, dose-re 1 ated changes in thi s specifi c band were observed at 

subsequent collection periods. For example, by the 6 hr timepoint 

(Figure 30, lanes 10-13) the density of this band was markedly 

decreased in both the mi ddl e and hi gh-dose treatment groups, yet it 

remained unchanged in the low-dose treatment group. By 14 hr post

dosing (Figure 31, lanes 2-5), this 66K band showed decreased intensity 

in ~ DCVC-treated groups compared to controls. Thus, DCVC elicited 

both dose and time-related changes in this specific 66K band, since the 

disappearance of this band in DCVC-dosed animals occurred earlier in 

anima 1 s injected with 100 mg/kg than in those dosed with 25 mg/kg of 

this nephrotoxicant. 

It is entirely likely that the large 66K band present in these 

urines is serum albumin, even though only a small fraction of this 

protein is normally filtered across the glomerulus. This seeming 
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paradox is expl ained by the observation that al bumin comprises the 

major mass of serum protein, so that even the small percentage that is 

filtered represents far more protein on a mass basis than any other 

filtered protein. Thus, even though small plasma proteins such as 

lysozyme are freely filtered across the glomerulus, their mass in 

plasma relative to that of albumin is very small. Therefore, of the 

relatively small amount of protein normally excreted in urine, most of 

the mass is likely to be albumin (Bourdeau and Carone 1974). 

That this 66K band was decreased after DCVC treatment does not 

imply that less of this specific protein was excreted after proximal 

tubule injury. Instead, the proportion of this 66K protein to other 

protei ns must ha ve decreased, si nce the mass of protei n loaded onto 

each lane of the polyacrylamide gels was always the same. In fact, it 

is entirely likely that the total mass of this 66K protein in the urine 

of DCVC-treated animals was increased compared with controls, since the 

middle and high doses of this toxicant elicited significant proteinuria 

(Figure 16). 

DCVC not only caused a dose-related decrease in the intensity 

of the 66K band, but it al so el icited the appearance of numerous low 

molecular weight proteins bands not normally present in the urine of 

control animal s. In some other cases proteins bands that were only 

faintly visible in control urines became much more intense following 

DCVC dosi ng. 

An example of the latter case was a protein with a molecular 

weight of approximately 21,000 daltons (21K). Although barely visible 



110 

in most control urines, this narrow band vias observed very soon after 

dosing in the urine of all DCVC-dosed animals. Specifically, increased 

staining intensity of this 21K band was clearly evident 2 hr after 

dosing animal s with 50 and 100 mg/kg DCVC (Figure 30, 1 anes 4 and 5). 

By 4 hr post-dosing the intensity of this band was increased in 2JLl 
DCVC dose groups in comparison to controls (Figure 30, lanes 6-9). 

Although the resolution of this band was not as sharp at some of the 

later timepoints, it could still be seen in the electrophoretic profile 

of DCVC-dosed animals throughout the remainder of the 48 hr experiment. 

As with the 66K band previously described, changes in this 21K 

protein were also dose-dependent. When compared to control urines, the 

higher doses of DCVC altered (in this case increased) the density of 

this band earlier than did the low dose of this toxicant. 

Although this protein was not identified, a combination of 

urinary enzyme and electrophoretic evidence suggests that this 21K band 

may have originated from renal tissue. Consider the alternative; if 

this small protein had been a pl asma protein excreted as a result of 

incapacitated tubular protein transport, then other freely filtered 

plasma proteins should have also been excreted in increased amounts. 

However, this was not the case, at least in animals dosed with 25 mg/kg 

DCVC. At this low dose of the toxicant the excretion of pl asma pro

teins such as lysozyme remained unaffected (Figure 17); yet this same 

dose did cause the intensity of the 21K band to increase by 4 hr post

dosing (Figure 30, lane 7). These data imply that this 21K band 
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probably derived from a source other than the plasma, ledving the 

kidney as a logical alternative source. 

Further analysis of the data indicates that this 21K protein 

band may have originated from the proximal tubule brush border itself. 

First, renal histopatholology confirmed that DCVC damage was restricted 

to the proximal tubules in animals dosed with 25 mg/kg DCVC. Yet, 

while animals in this treatment group excreted increased quantities of 

brush border membrane proteins (e.g. GGT, Figure 19), they did not 

exhibit elevated urinary excretion of tubule cytosolic proteins (e.g. 

NAG, Figure 18). Thus, the histopathological data points to the proxi

mal tubule as the likely source of these excreted renal proteins; the 

enzyme data support the more specific hypothesis that this 21K protein 

originated from the brush border membrane itself. 

There were many other faintly staining bands present in the 

electrophoretic profile of urines from DCVC intoxicated animals that 

were never apparent in the controls. Many of these were located in the 

reg; on between the 66K and 21K bands previously described. A few of 

these bands were consistently found in the urines from intoxicated 

animals, but many others were only seen on one or two lanes of the SDS

PAGE gel. 

What are the origins of this multitude of protein bands, which 

varied according to the toxicant dose and with time post-dosing 

Undoubtedly, many of these proteins originated from renal sources; 

evidence in support of this hypothesis has al ready been addressed in 

regard to the 21K band. However, not only brush border membrane 
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proteins were excreted at DCVC doses of 50 and 100 mg/kg; other renal 

enzymes such as NAG and plasma proteins such as lysozyme were also 

elevated in the urine at this dose. Therefore, it is very likely that 

many of the protei n bands present in the elect rophoret i c profi 1 es of 

animals in these higher dose groups also originated from filtered 

plasma proteins and proximal tubule components (including brush border 

membrane) • 

Other bands with molecular weights below 21K daltons were also 

observed in the urinary profiles of these animals. These low molecular 

weight bands were often poorly resol ved, producing a "smear" pattern. 

This specific pattern was only observed in the profiles of animal s 

dosed with 50 and 100 mg/kg DCVC (e.g. Figure 31, 1 anes 4, 5, 12, 13, 

and 17). This pattern may have resulted from toxicant-induced tubule 

injury sufficient to cause the release of intracellular lysosomal 

proteolytic enzymes. Once released, these enzymes could wreak havoc on 

other tubule ~roteins, cleaving them into a mix of variably sized small 

polypeptide fragments. Note that this did not occur in animals dosed 

with 25 mg/kg DCVC, since injury from this low dose was primarily 

restricted to the tubule brush border membrane. 

Other investigators have previously demonstrated the facility 

of using polyacrylamide gel electrophoretic techniques to separate 

urinary proteins. For the most part, these authors have been concerned 

with the analytical method itself, claiming it superior to earlier gel 

filtration and immunochernical methods for characterizing complex pro

tei n mi xtures (Pesce et a 1. 1972, Sa 1 ant et a 1. 1973, Soesken 1979). 
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Isoelectric focusing has also been applied to polyacrylamide gels in 

order to separate uri nary protei ns (Vesterberg and Ni se 1973, Rotbo 1 

1969). 

Usually these authors val idated their techniques by showing 

differences in the electrophoretic profiles of urine obtained from 

healthy patients to urine collected from patients with underlying renal 

disease. Their results confirmed conclusions that had been reached in 

other reports (Greeth et al. 1963, Piscator 1966, Petersson et ale 

1969). Specifically, these authors showed that the urinary protein 

profile in patients with glomerular disease was characterized by 

increased levels of albumin and proteins larger than albumin; by con

trast those patients with "tubul ar nephropathy" exhibited increased 

excretion of proteins with molecular weights smaller than albumin. 

Among the most sophisticated SOS-PAGE analyses of urinary pro

teins to date was that presented by Fleming (1984). This author found 

that four low molecular weight proteins appeared in the electrophoretic 

profile of urines from patients suffering from acute methotrexate and 

cadmium-induced tubular nephropathy. Whereas all previous investi

gators had limited their analyses to urine collected from a single 

"timepoint", Fleming's work was unique in that he showed how the elec

trophoretic profile of urinary proteins changed over time. 

Speci fi ca 11 y, he compared the patterns of uri nes co 11 ected before and 

after treatment with nephrotoxic chemotherapeutic agents, and found 

several proteins excreted into the urine after treatment that were not 

present prior to drug treatment. 
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The sophistication of the SDS-PAGE analyses of urinary proteins 

described in this dissertation go beyond that described by Fleming and 

other earlier investigators. Although Fleming was the first to examine 

changes in the electrophoretic profiles of urinary proteins over time, 

his analysis was nonetheless limited to only two different timepoints 

(3 days apart). In contrast, the analyses of DCVC-induced changes in 

urinary protein profiles described herein encompassed eight consecutive 

timepoints, establishing that the urinary protein profile was con

tinuously changing within hours after injury to the proximal tubule. 

Furthermore, while Fleming and others limited their analyses to 

a single dose of a given nephrotoxicant, the data in this thesis showed 

how the electrophoretic profile of urinary proteins changed inresponse 

to varying doses of this selective nephrotoxicant. Only by using this 

technique was it possible to demonstrate that changes in the excretion 

of certai n uri nary protei ns were dose-dependent. 

Future Directions 

The results of these analyses clearly demonstrated specific 

toxicant-induced changes in the patterns of urinary protein excretion 

throughout the early course of renal proximal tubule injury. Additional 

methodologies could be used to further elucidate the nature and origin 

of these excreted proteins. For example, a variety of immunological 

techniques could be employed to definitively identify many of these 

proteins. If, as these data suggest, the early p~ase of proteinuria is 

marked by an increase in the excretion of brush border elements, then 

antibodies directed against specific brush border membrane elements 
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might be used to detect their presence. The tubule brush border 

membrane is a highly specialized stucture, and contains high concentra

tions of specific structural proteins such as actin, villin, and 

fimbrin which are not widely normally present in other nephron segments 

(Mooseker, 1985). 

Several investigators have followed such a strategy by uti

lizing kidney specific antibodies for this very purpose. For example, 

Mondorf et ale (1971) described the development of an antibody to a 

kidney "plasma membrane fraction ll 

tial centrifugation techniques. 

which they had isolated by differen

Sc hoenfe 1 d and G 1 assock (1973) 

elaborated upon this technique by developing antibodies with selective 

affinities for proximal tubule brush border membrane on the one hand, 

and glomerular basement membrane on the other. Even more recently, 

severa 1 i nvesti gators have developed sensiti ve radi oimmunoassays usi ng 

antibodies directed against renal brush border membrane antigens (Zager 

and Carpenter 1978, Sachse et al. 1981). The potential usefulness of 

this diagnostic tool was demonstrated by using this radioimmunoassay to 

detect the excretion of brush border antigens into the urine of 

patients treated with potentially nephrotoxic drugs (Sachse, et al. 

1981). Unfortunately, these antibodies are not yet commercially 

available, so the application of these techniques to basic and clini

cal diagnoses remains extremely limited. 

The goal of this research has been to investigate the early 

indications and pathogenesis of renal injury fol lowing toxicant-induced 

injury. Several different experimental approaches have been used to 
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identify sensitive indicators of proximal tubule dysfunction. The 

results of these experiments have also provided insight into the patho

genesis of the early phase of toxicant-induced kidney function. 

The topics discussed in this dissertation only represent a 

small fraction of the many scientific problems that remain to be 

addressed concerning renal dysfunction. Specifically, this thesis has 

been primarily concerned with proximal tubule intoxication, yet 

diseases of other region of the nephron (glomerulus, papillary regions, 

etc.) are also important IItargets ll of numerous diseases and injurious 

agents. Futhermore, whi 1 e the data presented herei n have dea 1 t with 

the early phase of tubule injury, many kidney diseases occur on a 

chronic basis. That there are so many unanswered questions is a testi

mony to the enormous complexity of renal function and anatomy. 

The fact that so much about the mechanisms and pathogenesis of 

renal dysfunction remains poorly understood should only serve to kindle 

our scientific curiosity. While certain questions must await the 

development of new methodologies, other problems may surely be solved 

through creative appl ications of existing techniques. For example, 

this dissertation made specific conclusions that were only made 

possible by analyzing data obtained from several different experiments. 

It is hoped that similar strategies will be applied to dissecting the 

compl icated problems associated not only with toxicant-induced renal 

dysfunction, but to kidney injury caused by more common factors such as 

shock, hemmorhage, hypertension, and diabetes. 



APPENDIX A 

GLOSSARY 

RPF Renal plasma flow 

GFR Glomerular filtration rate 

BUN Blood urea nitrogen 

GGT y-glutamyl transpeptidase 

NAG N-acetyl glucosaminidase 

CGD Cysteinylglycine dipeptidase 

GSH Glutathione 

DCVC S-(1,2-dichlorovinyl)-L-cysteine 

HCBO Hexachloro-l:3-butadiene 

HgC1 2 Mercuric chloride 

KCl Potassium chloride 

MgS04 Magnesium sulfate 

NaOH Sodium hydroxide 

Na2S Sodium disulfide 

Na2HP04 Oibasic sodium phosphate 

HP03 Metaphosphoric acid 

NaHC03 Sodium bicarbonate 

KH2P04 Monbasic potassium phosphate 

NaCl Sodium chloride 

CaC12 Calcium chloride 

GPNA y-glutamyl-p-nitroanilide 
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p-nNAG 

SBCN 

AMP 

EOTA 

OPT 

BSA 

SOS 

Tris 

GMNA 

Na+ 

K+ 

Ci 

llA 

ip 

iv 

Glossary (continued) 

p-nitrophenyl-~-O-glucosaminide 

S-benzyl-L-cysteine-p-nitroanilide 

2-amino-2-methyl-l-propanol 

Ethylenediamine tetraacetic acid 

Ophthaldehyde 

Bovine serum albumin 

Sodium dodecyl sulfate 

Tris (hydroxymethyl)aminomethane 

Y-gl utamyl-4-methoxy-2-naphthyl amide 

Sodium 

Potassium 

Curies 

Change in absorbance 

Intraperitoneal 

Intravenous 
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