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Abstract Glutamine transaminase K(GTK) excretion
assessed in urine and by kidney histologywas evaluated in
rats after single treatment with 1.0 mg/kg i.p. of mercuric
chloride, 100 mg/kg i.p. of hexachloro-1:3-butadiene
(both S3, pars recta, segment-speci®c nephrotoxicants)
and 25 mg/kg s.c. of potassium dichromate (S1±S2, pars
convoluta, segment-speci®c nephrotoxicant). The aim
was to correlate segment-speci®c injury and enzyme ex-
cretion in order to assess, using non-vasive methods, lo-
calization of GTK along the proximal tubule. Mercuric
chloride and hexachloro-1:3-butadiene produced early
focal damage in the pars recta (focal necrosis was shown
10 h after treatment, and di�use necrosis appeared later
at 34 and 24 h after treatment). Changes of the pars
convoluta were occasional and delayed (72 h after treat-
ment for both substances). On the contrary, potassium
dichromate induced damage of the pars convoluta (vac-
uolar degeneration and focal necrosis were evident 24 h
and 48 h after treatment, respectively), whereas the pars
recta was a�ected later (focal vacuolar degeneration was
observed 72 h after treatment). Increase urinary GTK
excretionwas early after treatment withmercuric chloride
and hexachloro-1:3-butadiene (signi®cant increase was
observedwithin 10h),with apeak for both substances 24h
after treatment, in agreement with the necrosis of the pars
recta. Potassium dichromate induced a signi®cant in-
crease of enzyme excretion in urine also 24 h after
injection, according to histological features showing
vacuolar degeneration of the pars convoluta; the peak of
excretionwas reached 48 h after treatment (delaywas due,
probably, to s.c. administration). The results show that
GTK increased in urine after treatment with S3 and S1±S2

speci®c nephrotoxicants; the combination of histological
examination and urinary enzyme supports the evidence
that the enzyme is distributed along the whole of the
proximal tubule.
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Introduction

Glutamine transaminase K (GTK) is a cytosolic
pyridoxal-phosphate-dependent enzyme, which catalyses
b-elimination and transamination reaction with a
cysteine-conjugate in the presence of a-keto-c-methiol-
butyrate. The enzyme was identi®ed as soluble cysteine-
conjugate b-lyase (Stevens et al. 1986), and plays a
pivotal role in the activation of cysteine-conjugates de-
rived from some haloalkenes to nephrotoxic thioketenes
(Elfarra and Anders 1984), pyruvate and ammonia.

GTK localization along the proximal tubule is still
under discussion. The ®rst results obtained by Jones
et al. (1988) with immunohistochemical methodology
demonstrated the ubiquitary distribution of the enzyme.
Subsequently, MacFarlane et al. (1989), using a similar
technique, showed that GTK is localized in the pars
recta only. Recently, Kim et al. (1997) using microdis-
section techniques, showed that the enzyme is localized
prevalently in S2 and S3, as well as in S1 segments.
Moreover, cysteine-conjugate b-lyase in the proximal
tubule shows two di�erent migration bands (Abraham
and Cooper 1991): peak I corresponding to a high
molecular weight b-lyase (Mr � 300 000), and peak III
corresponding to cytosolic GTK (Mr � 90 000). A third
peak (peak II, Mr � 240 000) corresponds to L-amino-
acid oxidase.

The controversy about the localization of cysteine-
conjugate b-lyase (or GTK) is remarkable, because the
predominant nephrotoxic e�ects of haloalkenes are on
the S3 segment (pars recta) of the proximal tubule. The
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possibility of (1) metabolic activation, (2) accumulation
of toxic metabolites and (3) renal lesions resulted from
ischaemia as a consequence of altered renal haemody-
namics may explain the greater sensitivity of the pars
recta to nephrotoxic haloalkenes (Ishmael et al. 1982). In
the present work, we studied the e�ects of segment-
speci®c nephrotoxicants on urinary excretion of GTK.
Histological examination was performed to evaluate
correspondence between urinary excretion of the enzyme
and morphological changes in di�erent proximal tubule
segments. The aim was to indicate segmentary localiza-
tion along the proximal tubule of GTK by means of
urinary measurement after treatment with segment-spe-
ci®c nephrotoxic substances.

Materials and methods

Chemicals

Hexachloro-1:3-butadiene (HCBD, purity ³97%), potassium di-
chromate (K2Cr2O7) and L-phenylalanine were purchased from
Fluka (Buchs, Switzerland); mercuric chloride (HgCl2) was pur-
chased from Merck (Darmstadt, Germany); a-keto-c-methiolbu-
tyrate was purchased from Sigma Chemical Co. (St. Louis, Mo.,
USA). A commercial kit for creatinine determination was pur-
chased from Boehringer (Mannheim, Germany).

Animals and animal treatment

Albino male Wistar rats (Charles River, Italy), of 2 months in age
and 200�10 g body weight were kept in metabolic cages with
standard diet (Nuova Zoofarm, Italy) and water provided ad libi-
tum. Urine of ®ve rats for each group was collected in vials plunged
in an ice bath for 14 h before treatment (6.00 p.m. ± 8.00 a.m., base
collection ) and every 10 h (8.00 a.m. ± 6.00 p.m., diurnal collec-
tion) or 14 h (6.00 p.m. ± 8.00 a.m., nocturnal collection) until 96 h,
after single injection with (i) HCBD 100 mg/kg body wt., i.p., (ii)
HgCl2, 1 mg/kg body wt., i.p., as Hg

2+, and (iii) K2Cr2O7, 25 mg/
kg body wt., s.c., as salt.

Enzyme activity assay in urine

Immediately after collection, urine samples were centrifuged to dis-
card debris and prepared for GTK activity measurement according
to Cooper and Meister (1985), using a-keto-c-methiolbutyrate and
L-phenylalanine as substrates. Enzyme activity and urinary creati-
nine were determined using a Perkiu Elmer lambda 5 model UV-Vis.
spectrophotometer. Enzyme activity was expressed as lmoles of
phenylpyruvate produced/min per mmole of creatinine.

Histopathological studies

An ancillary group of rats treated with the same chemical doses was
killed at the same time of urine collection until 96 h after treatment
for histological examination. Immediately afterwards the kidneys
were removed and ®xed in 10% neutral phosphate-bu�ered for-
malin. The ®xed kidneys were processed in para�n wax, cut at
5 lm in thickness and stained with haematoxylin/eosin and peri-
odic acid-Schi� (PAS) stains.

Statistics

Statistical evaluation of the results was done by means of variance
analysis with P < 0.05 as the level of signi®cance.

Results

Urinary GTK excretion began to increase signi®cantly
within 10 h and reached a peak at 24 h after single in-
jection of HCBD or HgCl2. Treatment with K2Cr2O7

showed a delayed, but signi®cant, increase of enzyme
excretion in urine within 24 h, with a peak of excretion
48 h after treatment, probably due to the s.c. route of
administration. The time-course of urinary enzyme
excretion in urine is summarized in Table 1.

Histological examination showed that HCBD pro-
duced early (10 h after treatment) and selective necrosis
in the pars recta, described as focal necrosis, followed by
di�use necrosis 24 h later (Fig. 1). Necrotic features
were less evident 82 h later, at which time there was an
association to regeneration ®ndings, and were almost
complete at the end of the observation period (96 h after
treatment). Involvement of the pars convoluta, de-
scribed as vacuolar degeneration, was an occasional
observation 72 h after treatment.

HgCl2 showed histological features similar to HCBD,
though di�use necrosis of the pars recta appeared later,
at 34 h after treatment (Fig. 2). Multifocal necrosis in
the pars convoluta was sometimes observed 72 h after
treatment; in addition, occasional minimal changes, such
as slight tubular dilatation, were observed in this seg-
ment 24 h after injection. Regeneration ®ndings and
disappearance of necrosis were evident (similar to
HCBD) at the end of the observation period.

On the contrary, K2Cr2O7 produced signs of damage
in the pars convoluta: tubular dilatation 10 h after
treatment, followed at 24 h by multifocal vacuolar de-
generation (Fig. 3); di�use vacuolar degeneration and
focal necrosis after 48 h; di�use vacuolar degeneration
and di�use necrosis after 58 h. Only later (from 72 h
after treatment), were minimal changes (focal vacuolar
degeneration) seen in the pars recta (Fig. 4). Necrosis of
the pars convoluta was well evident until 96 h after
treatment, without signs of regeneration. The data of

Table 1 Time-course of glutamine transaminase K (GTK) excre-
tion in urine until 96 h after single treatment with HCBD (100 mg/
kg, i.p.), HgCl2 (1 mg/kg, i.p.) and K2Cr2O7 (25 mg/kg, s.c.). En-
zyme activity is expressed in lmoles/min per mmole of creatinine
and results are presented as mean � SEM. (HCBD Hexachloro-
1:3-butadiene)

Time (h) HCBD HgCl2 K2Cr2O7

Base values 0.10 � 0.06 0.16 � 0.12 0.13 � 0.07
0±10 2.72 � 0.25* 1.46 � 0.21* 0.10 � 0.04
10±24 4.65 � 0.42*,  12.20 � 0.69*,  0.51 � 0.05*, 

24±34 0.78 � 0.07*,  7.02 � 0.49*,  2.66 � 0.41*, 

34±48 0.55 � 0.25 1.77 � 0.07*,  3.69 � 0.36*
48±58 0.52 � 0.06* 0.74 � 0.02*,  2.06 � 0.28*, 

58±72 0.39 � 0.06* 0.69 � 0.12* 2.55 � 0.38*
72±82 0.46 � 0.01 0.55 � 0.29 1.27 � 0.09*, 

82±96 0.34 � 0.05*,  1.03 � 0.65 0.39 � 0.24 

*P < 0.05 or more vs base values;  P < 0.05 or more vs the
previous values
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Fig. 2 Histological features 34 h
after i.p. treatment with HgCl2,
1.0 mg/kg body wt. Histological
pattern shows di�use necrosis
of the pars recta. PAS, ´400

Fig. 3 Histological features 24 h
after s.c. treatment with
K2Cr2O7, 25 mg/kg body wt.
Multifocal vacuolar degeneration
of the pars convoluta is well
evident. PAS, ´200. (PCT Prox-
imal convoluted tubule)

Fig. 1 Histological features 24 h
after i.p. treatment with hex-
achloro-1:3-butadiene (HCBD)
at 100 mg/kg body wt. Di�use
necrosis of the pars recta is well
represented. Periodic acid-Schi�
(PAS), ´400
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Table 2 summarize the time-course of histological fea-
tures of the renal proximal tubule after treatment with
xenobiotic substances.

Discussion

To ascertain segment-speci®c localization along the
proximal tubule of renal enzymes or segment-speci®c
damage caused by chemicals, measurement of urinary
enzymic activity may be a reasonable, non-invasive,
technique of investigation. Obviously, the former aim
needed to use chemicals with proven segment-speci®c
toxicity, the latter to use enzymes with well known
segmentary distribution. In the present study the ®rst
approach to the topic, i.e. treatment with segment-spe-
ci®c chemicals to localize enzyme distribution along the
proximal tubule, was used. In order to support urinary
data, histological examination of the kidney was per-
formed at the same time points.

The selective target site of damage in the renal
proximal tubule after treatment with HCBD, HgCl2 and
K2Cr2O7 has been well de®ned. HCBD (Ishmael et al.
1982) and HgCl2 (Eknoyan et al. 1982; Dobyan and
Bulger 1984) speci®c to pars recta (S3), whereas K2Cr2O7

(Biber et al. 1968) is a pars convoluta (S1±S2) segment-
speci®c nephrotoxicant. GTK, soluble cysteine-conju-
gate b-lyase (Stevens et al. 1986), was submitted to
investigation owing to its involvement in toxic activation
of haloalkenes such as HCBD, as well as tri- and tet-
rachloroethylene to nephrotoxic and, probably, cancer-
ogenic thioketenes (Lock 1988). GTK localization along
the proximal tubule was discussed for the pivotal role
that the enzyme plays in S3 segment-speci®c damage
caused by these substances. The distribution of the en-
zyme along the whole proximal tubule, although prev-
alently localized in S2±S3 segments, was recently
demonstrated (Kim et al. 1997).

The results presented support the enzyme distribution
along the whole proximal tubule. In fact, both S3
(HCBD and HgCl2) and S1±S2 (K2Cr2O7) segment-spe-
ci®c chemicals produce a signi®cant increase of enzyme
excretion. Histological examination con®rms that the
damage of the pars convoluta caused by K2Cr2O7,
similarly to the damage of the pars recta induced by
HCBD and HgCl2, is in agreement with the increase of
urinary excretion of GTK. In addition, the histological
features show that the chemicals a�ect the pars con-
voluta or the pars recta with high speci®city, because the
involvement of the other segments of the proximal
tubule is occasional for HCBD and HgCl2, whereas it is
delayed for K2Cr2O7, and corresponds to an extension
of the damage to the near segment. On the other hand,
GTK shows high sensitivity to treatment with HgCl2,
which is greater than with HCBD or K2Cr2O7. These
results con®rm our previous observation (Trevisan et al.
1996) reporting that GTK excretion in urine, compared
with other urinary enzymes, was an early and good
marker of tubular impairment induced by the metal.

In conclusion, our data show that the treatment of rats
with proximal tubule segment-speci®c toxicants supplies
su�cient proof for the distribution of GTK along the
whole proximal tubule. In addition, the results suggest the
possibility: (a) to study the segment-speci®c damage
caused by xenobiotics (in animals and probably in hu-
mans also) measuring segment-speci®c enzymes in urine
as a very non-invasive method); and (b) to de®ne (in an-
imals) segment-speci®c localization of enzymes along the
proximal tubule by means of segment-speci®c toxicants.
In addition, according to the experimental evidence,
HCBD is suggested as preferred, more speci®c chemical
than HgCl2 to produce pars recta toxicity, and K2Cr2O7

to induce speci®c pars convoluta damage. The necessity
must be emphasized to use s.c. route of K2Cr2O7 admin-
istration to prevent high peritoneal damage, and hence
the death of the animals, caused by i.p. injection.

Fig. 4 Histological features 72 h
after s.c. treatment with
K2Cr2O7, 25 mg/kg body wt.
Di�use necrosis of the pars
convoluta and focal vacuolar
degeneration of the pars recta are
well represented. PAS, ´200.
(PST Proximal straight tubule)
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