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INTRODUCTION

There is a growing list of chemicals that cause a low incidence of renal tumors
in male rats. Upon acute exposure, some of these compounds cause a toxic
syndrome in male rat kidneys that is referred to as «;,,-globulin (a,,) nephrop-
athy (a,,—N) (Table 1). This syndrome is characterized by an excessive
accumulation of protein droplets in lysosomes of proximal tubule epithelial
cells, the presence of cellular casts at the junction of the proximal tubule and
the thin loop of Henle, and regenerative tubules (1).

The proximal tubule is a segment of the kidney nephron that can be divided
into three distinct morphological segments, Py, P, and P3 (Figure 1; 2), each
with functional differences. The P, segment, and to a lesser extent the P, is
involved with active transport of ions resulting in the concentration of sub-
stanccs in the tubular fluid. The P, segment in the rat has a well-developed
lysosomal-phagosomal system, which contains relatively large dark-staining
lysosomes, suggesting that this segment is important for the uptake and
catabolism of proteins. The involvement of these large lysosomes in the
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Table 1 Chemicals that cause protein droplet
ncphropathy and renal tumors in male rats.

Chemical Reference

Unleaded gasoline 65, 66, 67
1,4-Dichlorobenzene S, 68
d-Limonene 8, 64
Isophorone 7, 69
Dimethyl methylphosphonate 6, 91
Perchloroethylene 10, 90
Pentachloroethane 9, 90
Hexachloroethane 93

catabolism of proteins taken up from the glomerular filtrate has been demon-
strated by histochemical studies showing the uptake and breakdown of horse-
radish peroxidase (3). There are fewer lysosomes in the P; segment, which
appears simpler in structure and function. The reabsorption of sodium chlo-
ride and other solutes, as well as the passive secretion of urea, continue in this
segment.

The massive protein-droplet or crystalloid-body accumulation that occurs
after exposure to selected chemicals is localized in the P, segment of the
nephron (4). The accumulation of protein droplets in these proximal tubules
represents an increase in the size and number of secondary lysosomes.
Lysosomal overload results, which progresses to degeneration and necrosis of
individual cells lining the P, segment. This cell necrosis subsequently results
in the release of debris that accumulates at the junction between the P;
segment of the nephron and the thin loop of Henle, forming granular casts.
The tubular epithelial cell necrosis and exfoliation leads to restorative cell
proliferation in the P, segment as a compensatory response to the increased
cell loss from toxicity. Chronic exposure of male rats to these compounds
produces an exacerbation of ihese lesions, mineralization of the renal medulla
and ultimately, it is believed, the induction of renal neoplasia in up to 25% of
the animals (5-10).

Several compounds that cause renal tumors in male rats lack genotoxicity in
short-term tests and in the kidney DNA-repair assay (11-13). Evidence thus
far suggests that the increased incidence of renal tumors in male rats associ-
ated with chronic exposure to these chemicals is linked to nephrotoxicity-
induced increases in cell proliferation (14, 14a).

A number of studies have shown that the protein droplets that accumulate in
the proximal tubule cells in male rat kidneys are composed of as,. This low
molecular weight protein is synthesized in large amounts in the liver of male
rats (15, 16). Evidence thus far indicates that the development of a;,-N
appears to be dependent on the presence of this protein, since mammals that
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Figure 1 Schematic diagram of kidney illustrating proximal tubule segments (P, P,, P3) with
respect to the various regions of the kidney. TLH, thin loop of Henle; DT, distal tubule; CD,
collecting duct. (Reproduced from (4) with permission by US and Canadian Academy of
Pathology, Inc.)

do not synthesize «;,, such as female rats, guinea pigs, monkeys, dogs, and
mice do not show symptoms of renal toxicity (17). There is no evidence that
humans have a,,, but it is clear that they do have related low molecular
weight proteins. Because the syndrome appears to be dependent on the
presence of ay,, logically, humans would not be at equal risk of developing
a,,-N or renal cancer when exposed to these chemicals unless the related
proteins respond in a similar manner. It is important that the biochemical
mechanism for chemically induced «,,-N be elucidated in order to determine
human risk for developing a,,-N and renal cancer when exposed to these
agents.

a;,-GLOBULIN

The liver is the major site of «,, synthesis in the adult male rat (16, 18, 19).
Neither female or immature male rats synthesize this protein in their livers
(18). This protein is synthesized and secreted by the hepatic parenchymal
cells (15, 16) at a rate of 90-180 pg/gram liver/hour (20). Because the protein
is rapidly secreted, «;, constitutes only 0.1% of the total liver protein (21).
Nucleotide sequencing studies conducted by Unterman et al (22) show that
mature hepatic a,, contains 162 amino acids and has a molecular weight of
18,700 Da. Unprocessed a,, contains a 19 amino acid leader sequence that is
cleaved prior to secretion of the protein (23, 24). The unprocessed form of ay,
is reported to be glycosylated, but the sugar residues appear to be removed
prior to secretion of the protein from the liver (23).
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Studies on the action of various hormones on a;, synthesis show that
androgens, thyroid hormones, glucocorticoids, pituitary growth hormone,
and insulin promote biosynthesis, whereas estrogen treatment completely
suppresses its synthesis (25-30). It is concluded that the androgenic induction
of a,, is dependent on the synergistic effects of the growth and developmental
hormones (26). Preliminary investigations show that the earliest appearance
of a,, detected in the male rat liver occurs at 40 days of age, which
corresponds to the onset of circulating testosterone and puberty. a,, first
appears in the urine at about the same time (25). The normal daily urinary
excretion of a,, in the male reaches a maximum by 60 days of age and
constitutes the principal urinary protein in the mature male rat (31, 32),
accounting for approximately 30% of total protein excreted or 20 mg/day (21,
32).

a5, is found in tissues other than the liver, including the kidney, sub-
maxillary, lachrymal, preputial and mammary glands, and the anterior pitu-
itary. Neither the kidney nor the pituitary contain mRNA for a,,, and it is
believed that their source of protein is derived from plasma (33). a,, in female
rat kidneys is believed to originate in the submaxillary, lachrymal, and
mammary glands. There is approximately 120-fold less a5, in female kidney
than in male rat kidney (34). The hormonal and developmental regulation of
a,, synthesis in each of these tissues is unique, probably due to slightly
different a,, genes being transcribed in the various tissues (35).

Metabolic Fate of o,,-Globulin

Because a5, is a low molecular weight protein, it readily passes through the
glomerular filter of the nephron. Approximately 50% of s, is reabsorbed and
the remainder is excreted in the urine (36, 37). Like other low molecular
weight proteins, a,, is reabsorbed by the proximal tubule segment of the
nephron. The normal pathway for reabsorption of proteins is to be reabsorbed
initially by sites at the apical border of the proximal tubular cells. The proteins
undergo endocytosis and are concentrated into vesicles called phagosomes.
a;, has been localized within the proximal tubule cell lysosomes of male rats
by the use of immunohistochemical techniques (38). Those phagosomes that
contain protein migrate to the cell interior where they fuse with lysosomes
(39). Enzymatic cleavage of proteins occurs in the phagolysosomes by a
mixture of proteases. These proteolytic enzymes cut proteins at various sites
from either the ends (exolytic) or at points within the protein (endolytic). The
products of hydrolysis (amino acids, peptides) can then permeate the
endolysosome membrane, cross the contraluminal cell membrane and retun
to the circulation (39).

Lane & Neuhaus (40, 41) discovered multiple isoforms of a;, in kidney
and urine and found that the renal forms were more acidic than the urinary
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forms. These investigators concluded that the multiple urinary and renal a3,
forms were the result of metabolism by the kidney of a single a5, form
secreted by the liver into the blood, but could not provide direct evidence.
However, later studies using '**I-labeled a;,-globulin injected into male rats
demonstrated that a,, secreted by the liver is metabolized by the kidney to
forms 1400 Da smaller (42). This work showed only one molecular weight
form in liver, plasma, and urine, with two forms present in kidney. The lower
molecular weight a5, present in the kidney is believed to be a product of the
higher molecular weight liver form.

Proposed Physiological Functions of o,,-Globulin

Urine of male rodents contains a factor which accelerates the onset of puberty
in female rodents (43). This factor appears to act by stimulating the release of
luteinizing hormone (LH) and follicle-stimulating hormone (FSH) into blood
(43, 44). This puberty-accelerating pheromone is under androgenic control
(45) and appears either to be protein-bound or to be a portion of a large protein
molecule (46). One proposed function of a;, is that it may act as a carrier for a
pheromone since it has a high rate of excretion in urine, is under androgenic
control, and is believed to be a transport protein (47).

Other evidence suggests that a5, is necessary for spermatogenesis due to its
ability to maintain normal plasma concentrations of follitropin and lutropin
(48). In estrogen-treated rats, a;, had an effect on both LH and FSH. In these
studies, a,, protected spermatogenesis (49) and stimulated body growth and
growth of testes, seminal vesicle, prostate, and increased serum testosterone
concentrations. In contrast, Ekstrom (42) did not observe an effect of a5, on
the weight of prostate, seminal vesicles, and testes in estrogen-treated male
rats. He attributes these differences to the possibility that the a,, preparations
from the two laboratories were different (42). One may have contained a
factor involved in the stimulation of LH and FSH. Because a,, is proposed to
be a carrier protein, the physiological ligand may very well be this factor
involved in maintaining spermatogenesis. Despite various proposals concern-
ing its possible function, e.g. transporting a pheromone (47) or being in-
volved in the regulation of spermatogenesis (50, 51), the function of ay,
remains yet to be definitively demonstrated.

oy, Superfamily of Proteins

ay, is classified as part of a family of low molecular weight transport proteins
based on their similar primary amino acid sequences, proposed functions, and
similar subunit molecular weights (52-55). Some of these proteins are known
to serve as carriers for small lipophilic molecules, although the function of
others remains undetermined. Members of this family include human retinol
binding protein (RBP), apolipoprotein D, a;-acid glycoprotein (AGP), a;-
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microglobulin, bovine B-lactoglobulin (BL), rat odorant binding protein and
mouse major urinary protein (MUP).

RBP and BL have a similar three-dimensional protein structure (56).
Another similar fcature is their ability to bind retinol (57, 58). The common
structural feature of RBP and BL polypeptide chain is that it is folded in an
eight-stranded B-barrel that encloses the bound retinol. Using the Chou &
Fasman secondary-structure prediction procedure, AGP shows a similar fold
(54). It is believed that all the proteins in this family contain this 8-barrel in
which the interior cavity is lined with largely hydrophobic side chains thatcan
interact favorably to bind a lipophilic molecule (54). The composition of
amino acids in this region may differ between each protein, thereby determin-
ing their ligand specificity. More information on the structure and function of
these proteins is needed to dctcrminc whcther human proteins in this family
may also be involved in the development of a similar a,,-N. Although MUP
is in the same family as a,,, male mice do not develop a;,-N when exposed to
the chemicals that cause this syndrome in male rats.

BIOCHEMISTRY OF PROTEIN DROPLET
NEPHROPATHY

a,,-Globulin nephropathy is a syndrome that occurs in male rats exposed to a
diverse group of compounds. Chemicals causing this renal toxicity include
decalin (59-64), unleaded gasoline (UG) (1, 4, 65-67), 1,4-diclorobenzene
(1,4-DCB) (68), d-limonene (d-Lim) (64), isophorone (IPH), (69) as well as
several pharmacological agents (70). UG, a chemical mixture, causes a,,-N
upon acute exposure and a low incidence of renal tumors after two years of
exposure (65, 67).

Because UG is a complex mixture of hydrocarbons, a critical question is
whether the nephropathy of this mixture is associated with any specific
chemical or class of chemicals within the mixture. Results from studies
evaluating the various component fractions of UG indicated that the
nephrotoxic activity, as evidenced by the appearance of protein droplets, is
associated with saturated aliphatic compounds (66). Acute toxicity studies
found the most active nephrotoxins to be highly branched hydrocarbons.
Included in this group was 2,2,4-trimethylpentane (TMP), which constitutes
approximately 5% of the total mixture of UG. Much of the work on the
biochemical mechanism of a;, nephropathy has been performed using TMP
as a model compound.

Initial studies using *C-TMP showed a species and sex difference in its
disposition in rats and mice (71). Malc rat kidneys contained a 10-fold greater
amount of '*C-TMP derived radiolabel than did female rats 72 hours after
exposure. Male mice did not retain '“C-TMP in any organ, including kidney.
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Further studies on the disposition of TMP using 3H-TMP demonstrated that
male rats selectively retained TMP-derived radiolabel in their kidneys and that
2,4,4-trimethyl-2-pentanol was the major metabolite present in male rat
kidney, but absent in female kidneys (72). A significant increase in the renal
concentration of aj,, was also observed 24 and 48 hours after dosing. When
kidney cytosol prepared from *H-TMP treated male rats was subfractionated,
60% of the radiolabel was in the cytosol (73).

The accumulation of TMP-derived radiolabel, protein droplets, and «,, in
kidney proximal tubules suggested an association between chemical and
protein. Gel fitration chromatography of the cytosol showed that approx-
imately 20% of the radiolabel coeluted with the low molecular weight protein
fraction. Using an ELISA, this protein fraction contained a,,. The remaining
radiolabel eluted in the molecular weight range of less than 1000 Da and was
freely dialyzable, suggesting that it represented free metabolites.

Furification of a5, from TMP-treated male rats demonstrated that TMP-
derived radiolabel was specifically associated with a5, (74). Noncovalent,
reversible binding was found to exist between chemical and a;, since the
complex dissociated in the presence of SDS. Using gas chromatography-mass
spectrometry, the radiolabel that coeluted with the protein fraction containing
o, was determined to be 2,4,4-trimethyl-2-pentanol (TMPOH) (73).

Other chemicals that cause a»,-N such as 1,4-DCB, IPH and d-lim are also
shown to bind reversibly to a,, after in vivo exposure. In the case of
1,4-DCB, both the parent compound and a metabolite, 2,5-dichlorophenol,
are associated with the fraction containing a,, (68). After d-lim exposure, the
major metabolite, d-limonene-oxide, along with some parent compound was
found to bind reversibly to as, (75), whereas IPH exposure resulted in only
the parent compound binding to a,, (69). Information on the ability of various
chemicals to bind reversibly to a;, along with the accumulation of chemical
and a,, in the kidney suggests that the formation of the chemical-a,, complex
somehow is responsible for the accumulation of the protein in the proximal
tubule cells of male rats.

Hydrolysis of oz,-Globulin

There are several possible explanations for the accumulation of protein drop-
lets in the proximal tubule. One would be an increase in the synthesis of aj,
which would result in lysosomes overloaded with protein. Olson et al (76)
have shown that increased synthesis does not occur, because mRNA for a;,, in
liver is not increased after UG chemical exposure. Another plausible explana-
tion would be an increase in the ability of a,, to be reabsorbed into the
proximal tubule cells. Although this has not been directly measured, Viau et
al (77) measured [3,-microglobulin excretion as a functional test of the
reabsorptive capacity of the kidney, and did not see any change after
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" isoparaffinic solvent exposure to male rats. Also, there was no difference in

the urinary clearance of «,, between control and treated rats.

Another way in which a chemical may disrupt the normal pathway of
protein uptake and metabolism in the proximal tubule cells resulting in protein
droplet accumulation is lysosomal dysfunction. Accumulation of protein
within the lysosomes of the proximal tubules suggests that the intraccllular
processing of proteins by kidney cells might be disrupted by chemical expo-
sure. This may be due to either an alteration in lysosomal enzyme activity or a
change in the ability to hydrolyze the protein-chemical complex. Murty et al
(78) have shown that lysosomal enzyme activity is not decreased after UG
exposure. In our laboratory, in vitro studies that measure cathepsin B activity
confirmed their results.

The most plausible mechanism of protein droplet accumulation is that the
protein forms a complex with either the administered chemical or one of its
metabolites, making the protein more resistent to hydrolysis (Figure 2). This
hypothesis was tested in vitro using purified a5, from untreated male rat
kidneys (“free” «,,) and purified protein from TMP-treated male rats
(“bound” a»,). Using proteinase K, the “bound” a,, was more resistant to
hydrolysis then was “free” a,, (79). Rivera Torres et al (80) have demon-
strated that d-limonene-oxide-bound «;, is also more resistant to hydrolysis
using normal lysosomal enzymes. The basis for reduced protein digestibility
after the formation of the chemical-protein complex is currently being ad-
dressed. Some possible explanations may be that there is a change in the
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Figure 2 Proposed mechanism for a;,-N in male rats. There is a reversible binding of chemical
(or metabolite) to a,,-globulin which changes the structure of the protein. This alteration makes
the protein less digestible by lysosomal enzymes resulting in an accumulation of a,, in the P,
renal epithelial cells. (Reproduced from (92) with permission by Academic Press, Inc.)
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tertiary structure of the protein when chemically bound or that the chemical is
bound to a region on the protein that is the critical active site for protease
digestion.

In Vitro Binding

In order to study characteristics of the chemical-protein complex, an in vitro
method to evaluate chemical binding to a,, was developed. These studies
characterized the binding of 2,4,4-trimethyl-2-pentanol (TMPOH) to a5, in
vitro using *H-TMPOH and kidney cytosol as the source of a,,. The binding
affinity (Kq) of 3H-TMPOH to ay, was calculated to be on the order of 107'M
(81). Compounds that cause a,,-N in male rats were found to compete in vitro
with 3H-TMPOH for binding to a,. The relative affinity of each compound
for a,, was compared using their apparent inhibition constant values (K;)
determined from their ICs, value (concentration that inhibits 50% of the
original binding) and the K, for the 3H-TMPOH-ay, complex. It was demon-
strated that chemicals known to bind to s, in vivo compete with 3H-TMPOH
for binding to a,, to varying degrees. For example, when male rats were
treated with d-lim, d-limonene-oxide and a small amount of parent compound
is bound to a,, isolated from their kidneys (75). This is consistent with the in
vitro data on these compounds which showed that d-limonene-oxide has a
stronger affinity (K;=107’M) for a, than d-lim (K;=10"*M). Other com-
pounds that bind to a,, in vivo, such as IPH, 1,4-DCB and 2,5-DCP have K;
values that range from 1074 to 107°M (81). From these data, it appears that
factors other than binding affinity may determine the ability of chemicals to
induce protein droplets.

Retinol was also tested for its ability to compete with *H-TMPOH for
binding to a;, in order to investigate whether a;,, like RBP and BL, also
binds retinol. In vitro, retinol competed well with *H-TMPOH for binding to
a5, (81), but when administered orally to male rats did not cause protein
droplets. It is not clear whether retinol, or one of its metabolites, binds to a,
in vivo. Although chemical binding to «,, appears to be a prerequisite for
development of a,,-N, binding affinity may only be one factor to consider. It
is possible that a conformational change in ay, takes place when the chemical
is bound. Although this was not detected by circular dichroism (S. J. Bor-
ghoff & J. A. Swenberg, unpublished observations), a minor change in the
protein structure may take place which disrupts its normal digestion by
lysosomal proteases.

Structure-Activity Relationships

Halder et al (66) tested the hydrocarbon compounds typically found in UG for
a5,-N inducing potential. The results from this study revealed a positive
structure-activity response relating the degrce of alkane branching to the
potency of the nephrotoxicity. Since it is believed that the chemical binding to
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a,, is involved in the initiation of a,,-N, it may prove useful to evaluate
possible structure-activity relationships on the relatively diverse set of com-
pounds that are known to bind to ajy,.

In their study, Halder et al (66) gavaged rats with various chemicals and
evaluated a,,-N. However, the active compounds, i.e. chemicals binding to
as,, were not identified. Studies are currently underway to determine the
structure-activity relationship among the chemicals known to bind, using the
ability of selected compounds to compete in vitro with *H-TMPOH for
binding to ay, as a measure of activity. Molecular modeling programs are
being used to build the chemical structures and determine features such as
volume, dipole moments, charges on atoms, as well as partition coefficients
that appear necessary for binding. Preliminary results reveal that when the
volumes of the four compounds exhibiting the greatest relative affinity to a,,
were drawn, other compounds with a lower affinity usually had portions of
the molecule that protruded beyond the boundaries of the higher affinity
chemicals (82).

PATHIOBIOLOGY OF a5,-GLOBULIN NEPHROPATHY

Normally, young male rats have a high rate of proteinuria which is attributed,
in part, to the large amount of a,, filtered and reabsorbed. As a,, synthesis
decreases with age, albumin excretion steadily increases over time. This
increase in albumin excretion reflects the spontaneous glomerulonephrosis
seen in aging rats of strains commonly used in safety assessment. In untreated
male rats, the renal P, epithelial cells contain small protein droplets that
parallel the proteinuria in these animals. These droplets stain positively for
a,, and are not noted in female rat kidneys (38). The higher rate of proteinuria
that occurs in old male, but not female, rats may be due not only to the
presence of a,, and albumin, but also to the fact that renal cathepsin B
activities (lysosomal endopeptidases) are significantly higher in females than
in males (83).

After exposure to TMP or other chemicals listed in Table 1, there is an
increase in the number and size of the protein droplets in male rat kidneys
(Figures 3 and 4), with a concomitant increase in the concentration of as,. In
severe ay,-N, the accumulation of a,, in the lysosome results in large
polyangular lysosomes that are electron-dense and crystalloid when examined
by electron microscopy (4, 61). These crystalloid protein droplets are associ-
ated with cytotoxicity. The injured cell is released from the basement mem-
brane and sloughs into the lumen where it collects in granular casts in the thin
loop of Henle or is excreted in the urine. As a consequence of cell death, there
is regeneration of neighboring cells. Short et al (4) have observed that both
protein droplet accumulation and increased cell proliferation are specifically
localized in the P, segment of the proximal tubules of male rats exposed to
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Figure 3 Immunohistochemical staining of @;,-globulin in individual lysosomes in P, renal
epithelial cells of a control male rat. (Reproduced from (92) with permission by Academic Press,
Inc.)

UG or TMP. The proliferative response in the P, segment of the male rat
nephron closely parallels the extent and severity of immunohistochemical
staining of a;, in the same region. None of these effects was observed in
female rats. Figure S demonstrates in male rats the relationship between
protein droplet accumulation and increased thymidine labeling of P, cells
after TMP exposure.

Because of the site-specific localization and correlation between protein
droplet accumulation, identification of a,, within the droplet, and increases in
cell proliferation, it was proposed that the excessive protein droplet accumula-
tion results in continual compensatory cell division. One explanation for
tumor formation is that this increase in cell proliferation enhances the likeli-
hood of spontaneous mutational events and also encourages clonal expansion
of initiated cells. These events augment the development of neoplasia above
the incidence normally seen in control animals. This would explain the low
incidence of renal tumors formed after 2 years of exposure to the compounds
that cause a,,-N (Table 1).

Short et al (14a) have tested UG and TMP for promoting effects in an
initiation-promotion study of the kidney. Rats were initiated with N-ethyl-n-



Annu. Rev. Pharmacol. Toxicol. 1990.30:349-367. Downloaded from www.annualreviews.org

by Central College on 12/10/11. For personal use only.

360 BORGHOFF, SHORT & SWENBERG

’ .
. o

_— ', T8
TR e

Figure 4 Immunohistochemical of a;,-globulin in P, renal epithelial cells containing excessive
numbers of large lysosomes from a male rat exposed to 50 ppm TMP for 3 weeks. (Reproduced
from (92) with permission by Academic Press, Inc.)

hydroxylethylnitrosamine (EHEN) for 2 weeks and then exposed to various
concentrations of either UG or TMP for up to 61 weeks. There were increases
in the incidence of atypical cell foci (ACF), which are classified as a pre-
neoplastic renal lesion, in male rats promoted with the high dose of UG and
TMP. Also observed was a significant linear trend in the incidence of renal
cell tumors (RCT) in male rats promoted with UG. The promoting effect of
UG on ACF and RCT was demonstrated to be sex-specific, only occurring in
male rats. These results were consistent with the hypothesis that protein-
droplet inducing chemicals are promoters of renal neoplasia in a manner that
is closely related to their ability to cause ay,-N.

HUMAN RISK ASSESSMENT

The induction of renal neoplasia in male rats exposed to the chemicals that
cause as,-N is of concern because of the widespread human exposure to these
compounds. Although UG causes renal tumors in male rats (67), there is no
statistically significant evidence from epidemiology studies to suggest a link




Annu. Rev. Pharmacol. Toxicol. 1990.30:349-367. Downloaded from www.annual reviews.org
by Central College on 12/10/11. For personal use only.

a3,-GLOBULIN NEPHROPATHY 361

70 4

— ® Protein Droplet Score ( 1-4¢)
80t W e X P Labelling

% Labelled
84028 jeidoiq

%0 0205 2 5 2050

Dose TMP ( mg/kg )

Figure 5 Dose-response relationship between the accumulation of protein droplets and increase
in cell proliferation in the P, segment in TMP-treated male rats. (Reproduced from (4) with
permission by US and Canadian Academy of Pathology, Inc.)

between occupational exposure to petroleum products and human kidney
cancer (84-86). Epidemiological studies are not available for any of the other
compounds that cause a;,-N.

In order to determine whether humans are at risk to develop cancer when
exposed to the compounds that induce a,,-N in male rats, the biochemical
differences between male rats and humans as it relates to a,,-N must be
understood. The development of «;,-N is dependent on the presence of ay,,
since strains of rats and other species that do not synthesize this protein do not
develop this disease (17, 87). The question arises whether humans have «a;,, or
a similar protein which could possibly cause them be at risk to the syndrome
when exposed to these chemicals. To date, there is no evidence that humans
have «,,. However, as mentioned previously, they do have several proteins
within the same family as a,, that are classified as transport proteins. This
may not be of major importance because mice have a protein that is approx-
imately 90% homologous to a3, and do not develop a,,-N when exposed to
the chemicals that cause it in male rats.

In studying a»,-N, there appears to be a number of critical factors necessary
for the syndrome to occur. First, there is the synthesis of a high amount of a
low molecular weight (LMW) protein that is freely filtered by the glomerulus
and normally difficult to hydrolyze. After chemical exposure the binding of a
chemical to this protein makes it more resistant to hydrolysis which leads to
the accumulation of the protein in the proximal tubule cell lysosomes. To
evaluate human risk for developing a;,-N, human proteins similar to a;, must
be investigated to determine if they fulfill the requirements believed necessary
to develop a,,-N. One critical factor is not only how much protein is
synthesized, but how much is actually filtered and reabsorbed by the
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kidney. This value for proteins other than a,, was difficult to find. The serum
and urinary excretion levels were found for several human proteins and
compared to a,,. However, without knowing the amount of protein filtered,
the level of protein that the kidney tubular epithelium is exposed to cannot be
calculated.

Other information can be obtained on the characteristics of these proteins in
relationship to the critical factors necessary for c,-N to develop. One such
factor is the protein’s ability to be catabolized. These experiments were
performed in our laboratory where purified proteins such as AGP, BL, and
RBP were hydrolyzed in vitro by PK and compared to a,,. It was demon-
strated that a5, and AGP were the most resistant, while RBP and BL were
1,000-100,000-fold more susceptible to PK digestion (Table 2). AGP is a
highly glycosylated protein (88); glycosylation is known to make a protein
more stable and resistant to hydrolysis (89). The same may be true for a;, and
needs to be investigated. What is still not known is whether chemicals that
bind to a,, also bind to other members in the same protein family. If they do,
it is important to determine how tightly they bind and whether their hydrolysis
is affected when bound. Although «,, is one of many proteins in the same
family, whether any of these proteins participate in the sequence of events that
leads to «,,-N is currently being investigated. When more information on
these human proteins is known, it will then be possible to evaluate the risk to

humans exposed to the chemicals that cause a;,-N in male rats.
n

SUMMARY

a,,-N is a syndrome that has been characterized in male rats exposed to a
number of environmental chemicals and pharmacological agents. The chemi-
cals or their metabolites bind to a,,, which is believed to lead to a less
digestible chemical-protein complex. Because of the decreased hydrolysis of
the chemical-protein complex in the lysosome, a5, accumulates in the form

Table 2 Selected proteins from the superfamily of ligand-binding proteins

Molecular  Species, PK5o?
Protein weight® tissue® Ligand® (U/ml)
a,-globulin 18,700 rat, liver unknown 9.8 = 10
ay-acid glycoprotein 18,944 human, urine  drugs, steroids 40 £5.2
Retinol binding protein 22,868 human, liver  retinol 6.9X107¢£2.1x107°¢
{B-lactoglobulin 18,281 bovine, whey retinol butane 6.8 x 1078 +2.5 x 10~#

“PKsy represents the concentration of Proteinase K that hydrolyzed 50% of the protein. This value represents the
mean * SD of 3-4 separate observations.
®See Reference 53
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of protein droplets. In extensive nephropathy, the accumulation of a;, in the
lysosome results in polyangular crystalloid droplets that lead to lysosomal
overload and eventually cell death. This cell death stimulates restorative cell
replication which promotes renal carcinogenesis in male rats.

As such, it is imperative that extrapolation of risk to humans of chemicals
causing this syndrome be performed. Because the nongenotoxic mechanism
for carcinogenesis in the male rat involves a unique protein, such ex-
trapolations can only be done incorporating species differences in the critical
factors that result in «,,-N in rats. Presently, these data suggest a markedly
reduced risk for humans compared to male rats.

Literature Cited

1.

. National Toxicology Program.

Short, B. G., Burnett, V. L., Swenberg,
J. A. 1986. Histopathology and cell pro-
liferation induced by 2,2,4-trimethyl-
pentane in the male rat kidney. Toxicol.
Pathol. 14:194-203

. Trump, B. F., Jones, T. W., Heatfield,

B. M. 1984. The biology of the kidney.
In Renal Effects of Petroleum Hydrocar-
bons, ed. M. A. Mehlman, pp. 27-49,
New Jersey: Princeton Sci.

. Straus, W. 1964. Cytochemical observa-

tions on the relationship of lysosomes
and phagosomes in kidney and liver by
staining for acid phosphatase and in-
travenously injected horseradish per-
oxidase. J. Cell Biol. 20:497-507

. Short, B. G., Burnett, V. L., Cox, M.

G., Bus. J. S., Swenberg, J. A. 1987.
Site-specific renal cytotoxicity and cell
proliferation in male rats exposed to
petroleum hydrocarbons. Lab. Invest.
57:564-77

1987.
Carcinogenesis studies of 1,4-dichloro-
benzene in F-344/N rats and B6C3F1
mice. NTP Techn. Rep. No. 319. Re-
search Triangle Park, NC:NTP

. Natl. Toxicol. Program. 1987. Carci-

nogenesis studies of dimethylmethyl-
phosphonate in F-344/N rats and
B6C3F1 mice. NTP Tech. Rep. No. 323.
Research Triangle Park, NC:NTP

. Natl. Toxicol. Program. 1986. Carci-

nogenesis studies of isophorone in F-
344/N rats and B6C3F1 mice. NTP
Tech. Rep. No. 291. Research Triangle
Park, NC:NTP

. Natl. Toxicol. Program. 1988. Carci-

nogenesis studies of d-limonene in F-
344/N rats and B6C3Fl mice. NTP
Tech. Rep. No. 347. Research Triangle
Park, NC:NTP

14a.

. Natl. Toxicol. Program. 1983. Carci-

nogenesis bioassay of pentachloroethane
in F-344/N rats and B6C3F1 mice. NTP
Tech. Rep. No. 232. Research Triangle
Park, NC:NTP

. Natl. Toxicol. Program. 1986. Carci-

nogenesis bioassay of tetrachloroethyl-
ene (perchloroethylene) in F-344/N rats
and B6C3F1 mice. NTP Tech. Rep.
No. 311. Research Triangle Park, NC:
NTP

. Loury, D. J., Smith-Oliver, T., Butter-

worth, B. E. 1986. Assessment of un-
scheduled and replicative DNA synthe-
sis in hepatocytes treated in vivo and in
vitro with unleaded gasoline or 2,2,4-
trimethylpentane. Toxicol. Appl. Phar-
macol. 85:11-23

. Richardson, K. A., Wilmer, J. L.,

Smith-Simpson, D., Skopek, T. R.
1986. Assessment of the genotoxic
potential of unleaded gasoline and 2,2,4-
trimethylpentane in human lymphoblasts
in vitro. Toxicol. Appl. Pharmacol.
82:316-22

. Loury, D. J., Smith-Oliver, T., Butter-

worth, B. E. 1987. Assessment of un-
scheduled and replicative DNA synthe-
sis in rat kidney cells exposed in vitro or
in vivo to unleaded gasoline. Toxicol.
Appl. Pharmacol. 87:127-40

. Short, B. G., Burnett, V. L., Swenberg,

J. A. 1989. Elevated proliferation of
proximal tubule cells and localization of
accumulated a,,-globulin in F344 rats
during chronic exposure to unleaded
gasoline or 2,2 4-trimethypentane. Tox-
icol. Appl. Pharmacol. In press

Short, B. G., Steinhagen, W. H.,
Swenberg, J. A. 1989. Unleaded gaso-
line and 2,2,4-trimethylpentane: pro-
moting effects on the development of



Annu. Rev. Pharmacol. Toxicol. 1990.30:349-367. Downloaded from www.annual reviews.org
by Central College on 12/10/11. For personal use only.

364

20.

21.

22.

23.

24.

25.

26.

27.

28.

BORGHOFF, SHORT & SWENBERG

a typical cell foci and renal tubular cell
tumors in rats exposed to N-ethyl-N-
hydroxyethylnitrosamine. Cancer Res.
49:6369-78

. Roy, A. K., Neuhaus, O. W. 1966.

Proof of the hepatic synthesis of a sex-
dependent protein in the rat. Biochim.
Biophys. Acta 127:82-87

. Roy, A. K., Raber, D. L. 1972. Im-

munofluorescent localization of aj,,-
globulin in the hepatic and renal tissues
of rat. J. Histochem. Cytochem. 20:89—
96

. Alden, C. L. 1986. A review of unique

male rat hydrocarbon nephropathy. Tox-
icol. Pathol. 14:109-11

. Roy, A. K., Schiop, M. J., Dowbenko,

D. J. 1976. Regulation of the hepatic
synthesis of «a;,-globulin and its corre-
sponding messenger RNA in maturing
rats. FEBS Lert. 70:137-40

. Sippel, A. E., Feigelson, P., Roy, A. K.

1975. Hormonal regulation of the hepat-
ic messenger RNA levels for a,,-
globulin. Biochemistry 14:825-29
Chan, K. M., Neuhaus, O. W. 1978.
Sequential passage of a,,-globulin
through the hepatic cndoplasmic reticu-
lum and golgi apparatus during sccre-
tion. Biochim. Biophys. Acta 521:333-
41

Kurtz, D. T., Sippel, A. E., Feigelson,
P. 1976. Effect of thyroid hormones
on the level of the hepatic mRNA for
ay,-globulin.  Biochemistry 15:1031—
36

Unterman, R. D., Lynch, K. R., Nak-
hasi, H. L., Dolan, K. P., Hamilton, J.
W_, etal. 1981. Cloning and sequence
of several ay,-globulin ¢cDNAs. Proc.
Natl. Acad. Sci. USA 78:3478-82
Chatterjee, R., Motwani, N. M., Roy,
A. K. 1982. Synthesis and processing of
the dimorphic forms of rat a,,-globulin.
Biochim. Biophys. Acta 698:22-28
Drickamer, K., Kwoh, T. J., Kurtz, D.
T. 1981. Amino acid sequence of the
precursor of rat liver a,,-globulin. J.
Biol. Chem. 256:3634-36

Roy, A. K., Neuhaus, O. W. 1967. An-
drogenic control of a sex-dependent pro-
tein in the rat. Nature 214:618-20
Kumar, M., Roy, A. K., Axelrod, A. E.
1969. Androgenic induction of ay,-
globulin in the rat: Requirement of an
intact pituitary. Nature 223:399-400
Irwin, J. F., Lane, S. E., Neuhaus, O.
W. 1971. Synergistic effect of glucocor-
ticoids and androgens on the biosynthe-
sis of a sex-dependent protein in the
male rat. Biochim. Biophys. Acta
252:328-34

Roy, A. K. 1973. Androgen-dependent

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

synthesis of a,-globulin in the rat: Role
of the pituitary gland. J. Endocrinol.
56:2935-301

Roy, A. K., Leonard, S. 1973. An-
drogen-dependent synthesis of ay,-
globuiin in diabetic rats: The role of in-
sulin. J. Endocrinol. 47:327-28

Roy, A. K., McMinn, D. M., Biswas,
N. M. 1975. Estrogenic inhibition of the
hepatic synthesis of a,,-globulin in the
rat. Endocrinology 97:1501-8

Roy, A. K., Neuhaus, O. W. 1966.
Identification of rat urinary proteins by
zone and immunoelectrophoresis. Proc.
Soc. Exp. Biol. Med. 121:894-99
Roy, A. K., Neuhaus, O. W., Harmi-
son, C. R. 1966. Preparation and
characterization of a sex-dependent rat
urinary protein. Biochim. Biophys. Acta
127:72-81

Antakly, T., Peletier, G., Feigelson, F.
1983. Alpha 2u Globulin is present in
the rat anterior pituitary. Proc. Natl.
Acad. Sci. USA 80:4000-2

Vandoren, G., Mertens, B., Heyns, W.,
Van Baelen, H., Rombauts, W., Ver-
hoeven, G. 1983. Different forms of
alpha 2u globulin in male and female rat
urine. Eur. J. Biochem. 134:175-81
Maclnnes, J. 1., Nozik, E. S., Kurtz, D.
T. 1986. Tissue-specific expression of
the rat Alpha 2u globulin gene family.
Mol. Cell. Biol. 6:3563-67

Neuhaus, O. W., Flory, W., Biswas,
N., Hollerman, C. E. 1981. Urinary ex-
cretion of ay,-globulin and albumin by
adult male rats following treatment with
nephrotoxic agents. Nephron 28:133—
40

Neuhaus, O. W. Lerseth, D. S. 1979.
Dietary control of the renal reabsorption
and excretion of as,-globulin. Kidney
Int. 16:409-15

Burnett, V. L., Short, B. G., Swenberg,
J. A. 1989. Localization of a;,,-globulin
within protein droplets of male rat kid-
ney: Immunohistochemistry using per-
fusion-fixed, GMA-embedded tissue
sections. J. Histochem. Cytochem. 37:
813-18

Maack, T., Hyung, C., Camargo, M. J.
F. 1985. Renal filtration, transport, and
metabolism of proteins. In The Kidney:
Physiology and Pathophysiology, ed. P.
W. Seldin, G. Giebisch, pp. 1773-803.
New York: Raven

Lane, S. E., Neuhaus, O. W. 1972.
Multiple forms of a,,-globulin, a sex-
dependent urinary protein of the adult
male rat. Biochim. Biophys. Acta
263:433-40

Lane, S. E., Neuhaus, O. W. 1972.
Further studies on the isolation and



Annu. Rev. Pharmacol. Toxicol. 1990.30:349-367. Downloaded from www.annual reviews.org
by Central College on 12/10/11. For personal use only.

42.

43.
44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

a>,-GLOBULIN NEPHROPATHY 365

characterization of a sex-dependent pro-
tein from the urine of male rats.
Biochim. Biophys. Acta 257:461-70
Ekstrom, R. C. 1983. Characterization
and metabolism of alpha-2u-globulin—A
male sex-dependent protein of the rat.
PhD thesis. Univ. Wis., Madison
Bronson, F. H. 1971. Rodent pher-
omones. Biol. Reprod. 4:344-57
Bronson, F. H., Desjardins, C. 1974.
Concentrations of FSH, LH, estradiol,
and progesterone associated with acute,
male-induced puberty in female mice.
Endocrinology 94:1658-68
Lombardi, J. R., Vandenberg, J. G.,
Whitsett, J. M. 1976. Androgen control
of the sexual maturation pheromone in
house mouse urine. Biol. Reprod. 15:
179-86
Vandenberg, J. G., Whitsett, J. M.,
Lombardi, J. R. 1975. Partial isolation
of a pheromone accelerating puberty in
gemale mice. J. Reprod. Fertil. 43:515-
3
Shaw, P. H_, Held, W. A ., Hastie, N.
D. 1983. The gene family for major
urinary proteins: Expression in several
secretory tissues of the mouse. Cell
32:755-61
Roy, A. K., McMinn, D. M., Biswas,
N. M. 1975. Estrogenic inhibition of the
hepatic synthesis of a,,-globulin in the
rat. Endocrinology 97:1501-8
Roy, A. K., Byrd, J. G., Biswas. N.
M., Chowdhury, A. K. 1976. Protection
of spermatogenesis by a,,-globulin in
rats treated with oestrogen. Nature
260:719-21
Biswas, N. M., Ghosh, P. K., Ghosh,
K. K., Neuhaus, O. W. 1983. Effect of
alpha 2u globulin on serum concentra-
tion of gonadotrophins and testicular
activity in estrogen-treated rats. .J. En-
docrinol. 96:321-27
Ekstrom, R. C., Hoekstra, W. G. 1984.
Investigation of putative androgen like
activity of alpha 2u globulin in castrated
and estrogen treated male rats. Proc.
Soc. Exp. Biol. Med. 175:491-96
Brooks, D. E. 1987. The major an-
drogen-regulated secretory proteins of
the rat epididymis bear sequence homol-
ogy with members of the a,,-globulin
superfamily. Biochem. Int. 14:235-
40

Pevsner, J., Reed, R. R., Feinstein, P.
G., Snyder, S. H. 1988. Molecular clon-
ing of odorant-binding proteins: Mcmber
of a ligand carrier family. Science
241:336-39

Pervaiz, S., Brew, K. 1987. Homology
and structure-function correlations be-
tween a,-acid glycoprotein and serum

55.

56.

57.

S8.

59.

60.

61.

62.

63.

64.

65S.

retinol-binding protein and its relatives.
FASEB J. 1:209-14

Cavaggioni, A., Sorbi, R. T., Keen, J.
N., Pappin, D. J. C., Findlay, J. B. C.
1987. Homology between the pyrazine-
binding protein from nasal mucosa and
major urinary proteins. FEBS Lett.
212:225-28

Papiz, M. Z., Sawyer, L., Eliopoulos,
E. E., North, A. C. T., Findlay, J. B.
C., et al. 1986. The structure of -
lactoglobulin and its similarity to plasma
rctinol-binding  protcin. Nature 324:
383-85

Cogan, U., Kopelman, M., Mokady,
S., Shinitzky, M. 1976. Binding affini-
ties of retinol and related compounds to
retinol  binding proteins. Ewr. J.
Biochem. 65:71-78

Farrell, H. M., Behe, M. J., Enyeart, J.
A. 1987. Binding of p-nitrophenyl phos-
phate and other aromatic compounds by
B-lactoglobulin. J. Dairy Sci. 70:252—
58

Gaworski, C. L., Leahy, H. F., Bruner,
H. F. 1980. Subchronic inhalation toxic-
ity of decalin. In Proc. 10th Conf. En-
viron.  Toxicol. ~ AFAMRL-TR-121
(ADAO086341). Aerospace Med. Res.
Lab., Wright-Patterson Airforce Base,
OH

Stone, L. C., McCracken, M. S.,
Kanerva, R. L., Alden, C. L. 1986.
Development of a short-term model of
decalin inhalation nephrotoxicity in the
male rat. Food Chem. Toxicol. 24:35-41
Stone, L. C., Kanerva, R. L., Burns, J.
L., Alden, C. L. 1987. Pecalin-induced
nephrotoxicity: Light and electron
microscopic examination of the effects
of oral dosing on the devclopment of
kidney lesions in the rat. Food Chem.
Toxicol. 25:43-52

Kanerva, R. L., McCracken, M. S.,
Alden, C. L., Stone, L. C. 1987. Mor-
phogenesis of decalin-induced renal al-
terations in the male rat. Food Chem.
Toxicol. 25:53-61

Kanerva, R. L., Ridder, G. M., Stone,
L. C., Alden, C. L. 1987. Characteriza-
tion of spontaneous and decalin-induced
hyaline droplets in kidneys of adult male
rats. Food Chem. Toxicol. 25:63-82
Kanerva, R. L., Ridder, G. M., Lefev-
er, F. R., Alden, C. L. 1987. Compari-
son of short-term renal effects due to
oral administration of decalin or d-
limonene in young adult male Fischer-
344 rats. Food Chem. Toxicol. 25:345-
53

Busey, W. M., Cockrell, B. Y. 1984.
Non-neoplastic exposure-related renal
lesions in rats following inhalation of



Annu. Rev. Pharmacol. Toxicol. 1990.30:349-367. Downloaded from www.annual reviews.org
by Central College on 12/10/11. For personal use only.

366

66.

67.

68.

69.

70.

71.

72.

74.

75.

BORGHOFF, SHORT & SWENBERG

unleaded gasoline vapors. See Ref. 2,
pp. 57-64

Halder, C. A., Holdsworth, C. E.,
Cockrell, B. Y., Piccirillo, V. J. 1985.
Hydrocarbon nephropathy in male rats:
Identification of the nephrotoxic com-
ponents of unleaded gasoline. Toxicol.
Indust. Health 1:67-87

MacFarland, H. N. 1982. Chronic gas-
oline toxicity. In The Toxicology of
Petroleum Hydrocarbons, ed. H.
MacFarland, C. E. Holdsworth, J. A.
MacGregor, R. W. Call, M. L. Kane.
Washington, DC: Petroleum Inst.
Charbonneau, M., Strasser, J., Lock, E.
A., Tumer, M. J., Swenberg, J. A.
1989. Involvement of reversible binding
to a,,-globulin in 1,4-dichlorobenzene-
induced nephrotoxicity. Toxicol. Appl.
Pharmacol. 99:122-32

Strasser, J. Jr., Charbonneau, M., Borg-
hoff, S. §., Turner, M. J., Swenberg, J.
A. 1988. Renal protein droplet forma-
tion in male Fischer-344 rats after
isophorone (IPH) treatment. Toxicolo-
gist 8:136

Read, N. G., Astbury, P. J., Morgan,
R.J. 1., Parson, D. N, Port, C. J. 1988.
Induction and exacerbation of hyaline
droplet formation in the proximal tubular
cells of the kidneys from male rats re-
ceiving a variety of pharmacological
agents. Toxicology 52:81-101

Kloss, M. W., Cox, M. G., Norton, R.
M., Swenberg, J. A., Bus, J. S. 1985.
Sex- dependent differences in the dis-
position of ['#C]-2,2,4-trimethylpentane
in  Fischer-344 rats. In  Renal
Heterogenicity and Target Cell Toxicity,
ed. P. Bach, pp. 489-92. New York:
Wiley

Charbonneau, M., Lock, E. A., Stras-
ser, J., Cox, M. G., Turner, M. J., Bus,
J. S. 1987. 2,2,4-Trimethylpentane-
induced nephrotoxicity. 1. Metabolic
disposition of TMP in male and female
Fischer-344 rats. Toxicol. Appl. Phar-
macol. 91:171-81

. Lock, E. A., Charbonneau, M., Stras-

ser, J., Swenberg, J. A, Bus, J. S.
1987. 2,2,4-Trimethylpentane-induced
nephrotoxicity. II. The reversible bind-
ing of a TMP metabolite to a renal pro-
tein fraction containing ay,-globulin.
Toxicol. Appl. Pharmacol. 91:182-92
Borghoff, S. J., Strasser, J. Jr., Char-
bonneau, M., Swenberg, J. A. 1988.
Analysis of 2,2,4-trimethyl-2-pentanol
(TMP-OH) binding to male rat kidney
a,,-globulin (a2u) and other proteins.
Toxicologist 8:135
I.ehman-McKeeman, L. D., Rodriguez,

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

P. A., Takigiku, R., Caudill, D., Fey,
M. L. 1989. d-Limonene-induced male
rat specificnephrotoxicity: Evaluation of
the association between d-limonene and
a,,~globulin. Toxicol. Appl. Pharmacol.
99:250--59

Olson, M. J., Garg, B. D., Murty, C.
V. R, Roy, A. K. 1987. Accumulation
of ay,-globulin in the renal proximal
tubules of male rats exposed to unleaded
gasoline. Toxicol. Appl. Pharmacol.
90:43-51

Viau, C., Bernard, A., Gucrct, F., Mal-
dague, P., Gengoux, P., Lauwerys, R.

1986. Isoparaffinic  solvent-induced
nephrotoxicity in the rat. Toxicology
38:227-40

Murty, C. V. R., Olson, M. J., Garg, B.
D., Roy, A. K. 1988. Hydrocarbon-
induced hyaline droplet nephropathy in
male rats during senescence. Toxicol.
Appl. Pharmacol. 96:380--92
Charbonneau, M., Strasser, J., Borg-
hoff, S. J., Swenberg 1 A.1988. In
vitro hydrolyS|s of ['*Cl-a,,-globulin
(ay,) isolated from male ratkidney. Tox-
icologist 8:135

Rivera Torres, M. 1., Caudill, D,
Lehman-McKeeman, L. D. 1989. Lyso-
somal degradation of a,,-globulin (ay,):
Role of cysteine and aspartic acid pro-
teinases and effect of d-limonene bind-
ing. Toxicologist 9:314

Borghoff, S. J., Upton, P. B., Swen-
berg, J. A. 1989. Characteristics of
2,4,4-trimethyl-2-pentanol  (TMPOH)
binding to ay,-globulin and other com-
pounds that cause protein droplet
nephropathy. Toxicologist 9:313

Miller, A. B., Bowen, J. P., Borghoff,
S. J., Swenberg, J. A. 1989. Com-
putational and molecular modeling stud-
ies of ay,-globulin. 198th ACS Natl.
Meet., Div. Med. Chem. 39

Kugler, P., Vomberger, G. 1986. Renal
cathepsin-B activities in rats after castra-
tion and treatment with sex hormones.
Histochemistry 85:157-61

Cole, P. 1983. Report of the human
studies workgroup. In Proc. Workshop
on The Kidney Effects of Hydrocarbons,
Boston

Harrington, J. 1987. Health experience
of workers in the petroleum manufactur-
ing and distribution industry: A review
of the literature. Am. J. Ind. Med.
12:475-97

McLaughlen, J., Blot, W., Mehl], E.,
Stewart, P., Venable, F., Fraumeni, J.
1985. Petroleum-related employment
and renal cell cancer. J. Occup. Med.
27:672-175



Annu. Rev. Pharmacol. Toxicol. 1990.30:349-367. Downloaded from www.annualreviews.org
by Central College on 12/10/11. For personal use only.

87.

88.

89.

90.

a,-GLOBULIN NEPHROPATHY 367

Ridder, G. M., Von Bargen, E. C., Par-
ker, R D., Alden, C. L. 1988.
Spontaneous and induced accumulation
of ay,-globulin in the kidney cortex of
rats and mice, Toxicologist 8:352
Ekstrom, B., Peterson, P. A., Berggard,
[ 1975. A urinary and plasma a,-
glycoprotein of low molecular weight:
[solation and some properties. Biochem.
Biophys. Res. Commun. 65:1427-33
Olden, K., Parent, J. B., White, S. L.
1982. Carbohydrate moieties of gly-
coproteins, a re-evaluation of their func-
tion. Biochim. Biophys. Acta 650:209—
32

Goldsworthy, T. L., Lyght, O., Burnett,
V. L., Popp, J. A. 1988. Potential role
of  as,globulin, protein  droplet
accumulation, and cell replication in the

91.

92.

93.

renal carcinogenicity of rats exposed to
trichloroethylene,  perchloroethylene,
and pentachloroethane. Toxicol. Appl.
Pharmacol. 96:367-79

Dunnick, J. K., Eustis, S. L., Haseman,
J. K. 1988. Development of kidney
tumors in the male F344/N ratafter treat-
ment with dimethyl methylphosphonate.
Fundam. Appl. Toxicol. 11:76-90
Swenberg, J. A., Short, B., Borghoff,
S., Strasser, J., Charbonneau, M. 1989.
The comparative pathobiology of ay,-
globulin nephropathy. Toxicol. Appl.
Pharmacol. 97:35-46

National Toxicology Program. 1989.
Toxicology and carcinogenesis studies
of hexachloroethane in F344/N Rats.
NTP Tech. Rep. No. 361. Research
Triangle Park, NC:NTP



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



