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Atractyloside (ATR) causes acute fatal renal and hepatic necro-
sis in animals and humans. Precision-cut renal cortical and he-
patic slices (200 = 15 um) from adult male Wistar rat and
domestic pigs, incubated with ATR (0.2-2.0 mM) for 3 h at 37°C,
inhibited pyruvate-stimulated gluconeogenesis in a concentration-
and time-dependent manner. p-Aminohippurate accumulation
was significantly inhibited in both rat and pig renal cortical slices
from 0.2 mM ATR (p < 0.05). There was a small decrease in
mitochondrial reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium to formazan in both rat and pig kidney slices,
which was significant at =2 mM, but no changes in liver slices
from either species. However, cellular ATP was significantly de-
pleted at =0.2 mM ATR in kidney and in liver slices from both
species. ATR also caused a marked leakage of lactate dehydroge-
nase and alkaline phosphatase from both pig and rat kidney slices
at all concentrations, but only lactate dehydrogenase was signifi-
cantly elevated in liver slices from both species. ATR = 0.5 mM
caused a significant increase in lipid peroxidation, but only in liver
slices of both species, and =0.2 mM ATR caused a marked deple-
tion of reduced glutathione and significant increase in oxidized
glutathione in both kidney and liver slices of both species. How-
ever, GSH to GSSG ratio was only significantly altered in the liver
slices, indicating that oxidative stress may be the cause of toxicity
in this organ. Both rat and pig tissue slices from the same organ
responded similarly to ATR, although their basal biochemistry
was different. ATR toxicity to both kidney and liver showed
similar patterns but it appears that the mechanisms of toxicity are
different. While cytotoxicity of ATR in kidney is only accompa-
nied with GSH depletion, that of the liver is linked to both lipid
peroxidation and GSH depletion. Striated muscle slices from both
species were not affected by the highest ATR concentration. This
further strengthens the argument that the molecular basis of ATR,
target selective toxicity, is not a measure of the interaction between

ATR and mitochondria and that other factors such as selective
uptake are involved. Precision-cut tissue slices show organ-specific
toxicity in kidney and liver from both rat and pig and suggest
different mechanisms of injury for each organ. © 1998 Academic Press

Key Words: atractyloside; diterpenoid; target cell toxicity; renal
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Throughout Africa and the Mediterranean, many of th
plants used in ethnomedicines and herbal and alternative m¢
ications contain atractyloside (ATR)a diterpenoid glycoside
(Fig. 1) that causes acute proximal tubule necrosis leading
renal failure and death in humans (Wainwrigdital., 1977;
Bhoola, 1983; Caravaca-Magarines al., 1985; Georgiouet
al., 1988) and domestic animals foraging on ATR-containin
plants (Stuaret al., 1981; Hatchet al., 1982; Martinet al.,
1986). ATR also causes acute centrilobular hepatic necro:
(Stuartet al.,1981; Hatctet al.,1982; Bhoola, 1983; Georgiou
et al., 1988). ATR is known to inhibit mitochondrial respira-
tion (Allman et al., 1967; Lucianiet al., 1978), but the mech-
anism of target cell injury specifically for the proximal tubule
and the centrilobular region within the liver are not well
understood (Obatomi and Bach, 1997). Thus, despite signi
cant human exposure and many reported deaths (Bhoola, 19
Hutchings and Terblanche, 1989), there is no rational approa
to limit or prevent ATR toxicity.

Recent findings from our laboratory (Obatomi and Bact
1996a) have shown that cell lines derived from proximal tu
bules and freshly isolated proximal tubule fragments (but n
cells from other regions of the kidney) are sensitive to the toxi
effect of ATR. This suggests a possibility to mimic vivo
effects of ATRin vitro. In addition, we have shown that ATR
inhibited respiration similarly for both isolated liver and kidney
mitochondria (Obatomi and Bach, 1996b). While cultured cell
(Obatomi and Bach, 1996a) and isolated mitochondri
(Obatomi and Bach, 1996b) help us understand more about 1
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housing conditions for at least 3 days prior to use and were maintained
standard laboratory rat chow (Laboratory Diet No. 1, Spratts, Barking, Esse
UK) and tap waterad libitum. Individual rats were euthanized by cervical
dislocation, and the liver, kidney, and a portion from the pericardium tissu

HOCH o0 were quickly excised and immediately placed in an ice-cold pregassed (9-
Na* .0330_-%01 CHICH) 0O,: 5% CO,) rinse medium (Krebs—Hepes buffer, pH 7.4).
. . 2! 312 . . . . .
Na™ "0,8 Slice preparation. Different areas of the rat and pig liver lobes were cored

parallel with, but excluding, the major blood vessels, with a motorized tisst
coring press equipped with an 8-mm diameter stainless steel corer (Alaba
Research and Development Corp., Munford, AL). Rat kidneys were decaps
FIG. 1. The structure of atractyloside. lated and cylindrical cores (8 mm in diameter) made perpendicular to tf

cortico-papillary axis. Pig renal cortex was similarly cored. Tissue cores (8 mi

. L . in diameter) were similarly prepared from a longitudinal section of the striate
effects of ATR, these systems cannot provide an insight INfQiscle from the pericardium. The cores were then placed in ice-cold Kreb.

the molecular basis of target cell injury or allow kidney anéiepes buffer and transferred one at a time to a Krumdieck tissue slic
liver sensitivity to be contrasted or any interspecies compaticumdiecket al., 1980).
sons to be made. We have therefore used “precision-cut”Tissue slices (20 15 um) were prepared in ice-cold sterile phosphate-

- . ; o X o
tissue slices (Brendait al., 1993; Bachet al., 1996a,b; Gan- Puffered saline (PBS) and 0.1% (w/v) agarose (low gelling temperature). Slic
were collected and placed individually in a 24-well plate, containing 1 m

dolfi et al., 1996), which offer the potential to compare th%erum-free, phenol red-free Dulbecco modified Eagle’s nutrient mixture:F1
target cell toxicity of ATR in renal and hepatic tissues fronflam (DMEM/F12) and were preincubated on an orbital shaker (Bellco Bic
different species. The advantages of ihiwitro system is that technology, Vineland, NJ) in a humidified incubator at 37°C for 1 h to allow
several parameters can be determined simultaneously in sligi§s to stabilize (Obatonet al., 1997).

prepared from same animals and incubated under identicadlice viability assessment.After preincubation, representative slices from
conditions, which has a greater utility for mechanistic Studi§§Ch preparation were assessed for viability after a short incubation with 2

) . . wg/ml ethidium bromide and g/ml fluorescein diacetate in PBS (Edindin,
(Brendel et al., 1993; Bachet al., 1996a,b; Gandolfet al., 1970). Slices were observed under a Leitz Dialux 20 (Leica UK Ltd., Miltor

1996). Thus there would be the potential to understand tRgynes) microscope (390490 nm excitation and 510-515 nm emission). Tl
mechanism of ATR toxicityin vitro, which would provide an provides a rapid qualitative assessment of viable cells (the cytoplasm of whi
insight into the possible ways of modulating its toxic effectdluoresce bright green), whereas the nuclei of nonviable cells fluoresce rec

This is the first attempt to reproduce nephro- and hepatotoxicncubation of slices. Following the 1-h period of preincubation, the me-

ity using a higher ordem vitro systems, where the cellulardium was removed and replaced with 1 ml of fresh medium containing AT

. . . . . —2.0 mM) and slices were incubated h at37°C on a rocker platform
architecture maintains the heterogeneity of the intact Orgé&'ated at approximately 3 rpm. At the end of the incubation periods, th

The objective of this study was to investigate the appropriat@zgiym was removed and used to assay LDH and ALP leakage. MT
ness of precision-cut slices as amvitro model in assessing reduction was assessed in one series of slices immediately, and lipid perc
toxic events following exposure to ATR. To achieve this goalation, reduced (GSH) and oxidized (GSSG) glutathione, and ATP conter
we have assessed the effects of ATR in kidney and liver slic&g® measured in anothe_r st_aries of slices as_described belpw. AII incuba_ti_on
from the rat and pig wherdn vivo data are available slices from both rat and pig tissues we.re. .carr'led ou.t under.ldentlceTI conditior
(Carpened(et al., 1974; Bhoola, 1983: Bye, 1991; Stuattal., Enzyme leakage. LDH and ALP activities in the incubation medium were

] . . . measured by the methods described by Obatomi and Plummer (1995). Base
1981; Hatchet al., 1982) and functional and bIOChemlcaldata are expressed as micromoles per minute per milligram of protein. Tor

changes can be compared. We also selected striated muscléhasne activity was determined using slices disrupted by addition of 1% (wh

a source of cells that had high mitochondrial activity but wasiton X-100.

not reported to be a target tissue. This has allowed us tavitochondria viability. Slices were incubated with 1.21 mM MTT solu-

determine the direct effects of ATR on specific cell types itipn dissolved in PBS (Mosbann, 1978). After 40 min at 37°C, the MTT

each tissue and to compare its effects on renal and hepéﬁ't‘“orl Watsée,mol"edlv,s”ces Werel ””Zede"thBS' and the formaéarl 2'700"‘
. . . was extracted In ml I1ISopropanol and absorbance was measured al \

function in both Species. MTT absorbance was reIF;tch)i to the protein concentration that was assa

after extraction with isopropanol and expressed as percentage of cont
MATERIALS AND METHODS values.

Assessment of ATP content. ATP was quantified in slices by using the

Reagents. All chemicals were of analytical grade (Sigma Chemical Compjoluminescent reaction catalyzed by luciferase (DeLuca and McElroy, 197¢
pany, Poole, Dorset, UK) unless otherwise stated. After incubation of slices with ATR, slices were homogenized in 1 ml 0.39¢

Animals and harvesting of tissues.Male adult domestic pigs, moved M TCA using an ultra Turrax T8 homogenizer (IKA Labortechnik, Janke &
straight from farms to a local abattoir for slaughter, were used as sourceoikel GmbH & Co., Germany), the precipitate was removed by centrifuge
fresh tissue. One kidney (usually the right), a lobe of liver, and a portion tibn at 4000 rpm for 5 min, and 10l of the supernatant was added to 2 ml of
pericardium tissue were removed within 5 min of slaughter, and the tissu#s mM HEPES buffer (pH 7.75). The luciferin—luciferase solution (10®f
were transported to the laboratory in ice-cold Krebs—Hepes buffer. Tissugsng/ml) was added to 20Ql of each sample or standard in a luminometer
were cored for slicing within 25-30 min of harvesting. cuvette. Bioluminescence was then quantified in a luminescence photome

Male Wistar rats (200—220 g) were obtained from Charles River (Kent, UK1251 Luminometer, LKB Wallac, Finland). ATP content was determinec
and housed under a controlled ambient temperature (21-23°C) and 1f2ém the standard curve (1-200 ng/ml) and expressed as nanograms ATP
light-dark cycle (starting at 0600 hour). The animals were acclimatized tilligram of protein.

Atractyloside
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TABLE 1
Summary of Control Data

Liver Kidney

Parameter Pig Rat Pig Rat
Formazan (Abs,/mg protein) 0.185+ 0.012 0.16+ 0.023 0.482+ 0.018% 0.50+ 0.130%t
ATP (ng/mg protein) 12.9- 0.96 13.2+ 0.93 9.54+ 0.6171 11.6+ 0.32*
ALP (nmol/min/mg protein) 0.119 0.014 0.0267+ 0.016** 0.210=+ 0.0507 0.109+ 0.0036**t
LDH (nmol/min/mg protein) 0.02% 0.013 0.051* 0.05** 0.048=+ 0.022t 0.029 0.002** 1
Lipid peroxidation (nmol/mg protein) 0.76 0.20 1.55+ 0.28** 0.50+ 0.10 3.12+ 0.51**t
GSH (ng/mg protein) 381.4 29.7 301.3+ 23.1 232.4+ 19.7tt 178.4- 16.61T
GSSG (ng/mg protein) 157 1.8 16.2+ 2.05 12.9+ 2.33 9.91+ 1.42*
Glucose (mg/g tissud) 257+ 3.17 24.8+ 3.73 5.51+ 0.57*t+ 1.653+ 0.2971tt
PAH s/m rati@ ND ND 15.1+ 3.61 11.2+ 0.62

Note.Each value is the meah SE of three experiments in which four slices were used for each parameter. SlicesoflBQ0m were incubated as described
in the Materials and Methods sectiorr & h at37°C in the absence of atractyloside. ND, not determingds*0.05, **p < 0.01, ***p < 0.001, significantly
different between the same tissue in different species< 105, T1p< 0.01, t1tp< 0.001, significantly different between the different tissues in the sam
species.

@ Values obtained after 60-min incubation.

Determination of malondialdehyde. Lipid peroxidation was monitored by incubation, slices were removed, blotted, weighed, homogenized in (10 ml/1f
the production of malondialdehyde (MDA) by using the thiobarbituric acid (TBAng tissue) 0.184 M trichloroacetic acid, and centrifuged at 3000 rpm for 1
assay (Burge and Aust, 1978). After incubation, the slices were removed, weighed). A 1-ml aliquot of the incubation medium was treated similarly. The
and homogenized in 3 ml of the TBA reagent (0.026 M thiobarbituric acid, 0.9pernatant was assayed for PAH by diazotization. Renal accumulation
M trichloroacetic acid, and 0.25 M HCI). The homogenate was heated at 100°C FokH was expressed as the slice-to-medium (S/M) ratio, whegpresents the
15 min and cooled. The precipitate was removed by centrifugation at 3000 rpm é@ncentration of PAH per gram tissue in the slice, &hdepresents PAH per
10 min, and the absorbance of the supernatant was determined at 535 nm.rffiiiditer in medium. Data were presented as percentage of the control acc
MDA concentration of the sample was calculated using an extinction coefficientrafilation at each time point for ease of comparison.
156> 10°M~* cm* (Burge and Aust, 1978). Protein assays. Slices were dissolved in 1.0 ml of 0.5 M NaOH for 24 h,

Glutathione content of slices. Both oxidized (GSSG) and reduced (GSH)and protein content was assessed by the Coomassie Brilliant G method (R
forms of glutathione in slices were measured using a modified method afd Northcote, 1981) using bovine serum albumin as a standard. Prot
Hissin and Hilf (1976). Slices were deproteinized in 0.5 ml trichloroacetic aciwbncentrations were used to normalize data obtained in all other assays.
(0.398 M). Samples were then centrifuged for 10 min at 3000 rpm. For GSHggatistical analysis. Experimental data in quadruplicate were obtained

assay, 75l of the supernatant was removed and mixed with 24V6f0.1 M from at |east three separate experiments. Results are expressed asn&ns
phosphate/0.005 M EDTA buffer (pH 8.0); 1501 of o-phthaldiadehyde giagistical evaluation of data was performed by two-way analysis of varianc

solution (74.6 mM) was added, mixed, and incubated for 25 min at roofiifferences between the means of experimental and control groups witt
temperature. For GSSG assay, 0.25 ml of the supernatant was removed, mixgde species or between species were made using the least significant dif
with 100 ul N-ethylmaleimide (40 mM), and incubated at room temperatutgnce test with P< 0.05 considered significant.
for 30 min. To this was added 2.25 ml NaOH (0.1 M), anduf Bf this mixture
was then added to 2774 of NaOH (0.1 M) and 15Qul of o-phthaldialdehyde
solution (74.6 mM), which was mixed and incubated for 25 min. Fluorescence RESULTS
was measured (LS-5L luminescence spectrometer, Perkin-Elmer) at excitation
of 350 nm and emission of 420 nm. Both GSH and GSSG were expressetRassaline Data in Untreated Tissue Slices
nanograms per milligram of slice protein, based on a standard curve.

Evaluation of gluconeogenesis. After incubation with ATR for 3 h, slices ~ Table 1 provides a direct comparison of control data of all th
were rinsed with PBS and further incubated in glucose-free Krebs Hensepéirameters measured after 3-h incubation for both rat and p
solution (pH 7.4) containing pyruvate (10 mM) for 60 mins in order I TT reduction was higher in the kidney slices of both rat and pi

stimulate gluconeogenesis (Roobol and Alleyne, 1974). At the end of the i the liver slices, but there was no interspecies differenc
incubation period, slices were removed, blotted, and weighed. Aliquots of t

incubation medium were assessed for glucose by the glucose oxidase ‘a (P content was significantly(< 0.05) higher in the liver than
peroxidase assay (Plummer, 1987) and expressed as milligrams glucosetiper kidney of the pig; the latter being significantly € 0.05)
grams of tissue wet weight per 60-min incubation with pyruvate. Howeveiower in the pig than the rat. ALP and LDH leakage from the
because of the quantitative difference in the control level of glucose productiRmney slices of both rat and pig were significantly greages(
in the kidney and liver slices (Table 1), the result was expressed as percenﬁ%) than those of liver slices. The leakage of these enzymes v
of control for comparative purposes. T . N . .

o ) ) ) ____significantly higher§ < 0.01) in the liver slices of rat compared

Organic ion accumulation. PAH accumulation by renal cortical slices .

was determined according to the method of Snathal. (1944). After 3-h to those of the pig. There was, however, less leakage from |

incubation with ATR, slices were further incubated in 4 ml medium containinkidney slices compared to those of the pig. There was less lif
0.074 mM PAH (Fujimoto and Fujita, 1982) at 37°C for 30 min. At the end operoxidation in pig tissues than in the rat. The rat showed grea
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FIG. 2. MTT reduction to formazan in liver and kidney slices from both rat and pig exposed to ATR. The data are expressed as a percentage of tt
absorbance of untreated slices incubated for same time intervals and are presented as the Stedrmn three experiments in quadruplicate. Statistically
significant difference between the ATR exposed versus the control groups are indicafeeas01.

lipid peroxidation in the kidney slices than the liver. Intracelluladecrease in viability that was significant {p0.05) at concen-
GSH level was significantlyp(< 0.05) higher in the kidney and trations=1.0 and=2.0 mM in rat and porcine kidney slices,
liver slices of the pig than the corresponding organ in the raespectively, while there were no significant changes in live
However, there was no significant difference in GSH levels in tiglices from either species (Fig. 2).
liver and kidney of the pig compared to the corresponding organs
of the rat. The GSSG levels in the rat liver was significargly( Effects of ATR on Intracellular ATP Content
0.05) higher than that of the kidney but the levels in the liver were o o
of the same magnitude in the two species. Gluconeogenic capacitf | R caused a marked and statistically significant concer
of the liver slices in both rat and pig was at least fivefold highdidtion-dependent decrease in ATP content in both liver ar
than that of kidney slices. Accumulation of PAH followed &dney slices and from both species (Fig. 3).
similar pattern in both rat and pig kidney slices and the ratio were
of the same magnitude. Effects of ATR on Enzyme Leakage
. Figures 4 and 5 show the concentration-related, significa

Effects of ATR on MTT Reduction leakage of ALP and LDH from rat=0.2 mM) and porcine

The cytotoxic effect of ATR on liver and kidney slices ag=0.5 mM) kidney slices exposed to ATR. LDH leakage wa:
characterized by the MTT assay shows a small dose-relagighificantly elevated in porcine liver slices at ATR concen
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FIG. 3. Effect of ATR on intracellular ATP content in rat and porcine liver and renal cortical slices. Values given are the:ms8&nef three separate
experiments representing four slicep. % 0.05, **p < 0.01 compared to control groups.
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FIG. 4. ALP leakage from rat and porcine liver and renal cortical slices exposed to ATR. The data are expressed as percentage of total amount o
tissue and medium and presented as the meaS& (n= 3 of 4 slices; p < 0.05, **p < 0.01, ***p < 0.001 compared to control groups).

trations= 0.5 mM and was dose related while a significarfieroxidation in rat than in the porcine kidney slices. Howeve
leakage of LDH from rat liver slices at 0.2 mM ATR was noATR induced a dose-dependent depletion of intracellular GS
present at higher concentrations. ALP was not changed by devels in both pig and rat kidney and liver slices. GSSG leve
ATR concentration in either porcine and rat hepatic slicesere marginally increased in the kidney in a dose-depende
Kidneys from both rat and pig show equal sensitivity to ATRnanner while the increase was statistically significant in th
as assessed by the release of ALP. There was a dose-reltted. However, the GSH to GSSG ratio showed a significar
increase of LDH following ATR treatment in pig tissues, butlecrease in the liver but not in the kidney (Fig. 7).

there were relatively little and insignificant changes in the
leakage of this enzyme in rat liver slices. Effects of ATR on Gluconeogenesis

Effects of ATR on Lipid Peroxidation and Glutathione Levels Pyruvate-stimulated gluconeogenesis was inhibited in a co
Gentration- and time- -dependent manner in both liver and Ki

Lipid peroxidation, as quantified by MDA production, wasiey slices (Fig. 7). Although glucose production in the un
significantly elevated in porcine and rat liver slices at ATRreated kidney and liver slices of rat and pig showed a wid
concentration=0.2 and=0.5 mM, respectively (Fig. 6), asvariation (Table 1), the response to ATR was however ver
compared to kidney slices, where there were no significagimilar (Fig. 8). The inhibitory effect of ATR follows a similar
changes at any concentration of ATR. There was higher bapattern in both the kidney and liver slices of both specie:
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FIG.5. LDH leakage from rat and porcine liver and renal cortical slices exposed to ATR. The data are expressed as percentage of total amount of
tissue and medium and presented as the meaS& (n= 3 of 4 slices; p < 0.05, **p < 0.01 compared to control groups).
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FIG. 6. Effects of ATR on MDA production in rat and porcine liver and renal cortical slices. MDA production was measured by the thiobarbituric acid &
The data are presented as meanSE (n= 3 of 4 slices). Statistically significant differences between treated and control groups are indicgted 801,
*%

p < 0.001.

Gluconeogenesis was only decreased in the presence of ATRR8 + 2.74 at 30 min rising to 11.2 0.62; 15.1+ 3.61 at
concentratior=0.5 mM. Endogenous gluconeogenesis (in th@0 min in rat and pig, respectively.

absence of exogenous pyruvate) was also inhibited to the same

extent by ATR, an indication that inhibition of pyruvate uptak&ffects of ATR on Nontarget Tissue

is not the cause of ATR-induced decrease of gluconeogenesig summary of the effect of ATR on striated muscle slices o

(data not shown). rat and pig and characterized by four toxicity profiles is show

in Table 2. There were no significant alterations in any of thes

parameters even at the highest dose of ATR when comparec
PAH accumulation by renal cortical slices was very semmntreated tissue.

sitive to ATR with PAH accumulation significantly de-

creased at concentration as low as 0.2 mM in rat (Fig. 9). DISCUSSION

The reduction in PAH accumulation was concentration- and

time-dependent. PAH accumulation in untreated slices in-Fatal liver and kidney necrosis following the ingestion of

creased over the period of incubation from 10t21.0; herbal remedies containing atractyloside is increasingly cor

Effects of ATR on PAH Accumulation
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FIG. 7. Effects of different ATR concentrations on GSH to GSSG ratio in rat and porcine liver and renal cortical slices. The data are presentedtas n
SE (n= 3 of 4 slices). Significantly different from corresponding contrgd,< 0.01, **p < 0.001).
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FIG.8. Effects of different ATR concentrations on pyruvate-stimulated gluconeogenesis in rat and porcine liver and renal cortical slices. Pyruvate-stir
gluconeogenesis was measured as glucose production after a subsequent 1-h incubation in pyruvate containing Atr-free medium. Data are presented as
of control glucose production, meansSE (n= 3 of 4 slices). Glucose production after incubation with Atr are significantly different compared to corresponc
control values, p < 0.05, **p < 0.01.

mon in Africa and along the Mediterranean. Each year fmed) tolerated up to 200 mg/kg ATR, whereas male Wiste
significant number of children and adults die after consumingts died within 8 h after receiving 60 mg/kg ATR. In addition,
ATR-containing plants or their decoctions (Wainwriggital., while both liver and kidney are targets for ATR (Bhoola, 1983
1977; Bhoola, 1983; Hutchings and Terblanche, 1989; Ge@aravaca-Magarinost al., 1985), published data suggest tha
giouet al.,1988), and there are also reported cases of livestaitle kidney is more often adversely affectedvivo (Bhoola,
poisoning (Roedeet al.,1994; Schteingart and Pomilio, 1984)1983; Carpenedet al., 1974).

as a result of grazing on ATR-containing plants. We have assessed the response of kidney and liver to A

There is also some evidence of species- and strain-relabecbrder to elucidate more about the probable mechanism

differences for ATR target organ toxicity (Bhoola, 1983; Lutoxicity. These studies have used the major target organs frc
cianiet al.,1978; Carpenedet al.,1974). For instance, rabbitsthe rat and pig. The choice of the pig tissue is because tf
and guinea pigs do not develop renal necrosis following dosggecies is sensitive to atractylosidevivo (Stuartet al., 1981;

of ATR that are nephrotoxic for rats (Carpeneetoal., 1974; Hatchet al., 1982), and the fact that there are marked mor
Wainwright et al., 1977; Georgiouet al., 1988). There may phological and functional similarities between porcine an
also be strain differences as male albino rats (strain not desman kidney and liver (Mount and Ingram, 1971; Douglas
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FIG.9. Time- and dose-dependent effect of different ATR concentrations on PAH accumulation in rat renal cortical slices. PAH accumulation was cal
as slice to medium (S/M) concentration ratio but presented as percentage of the control accumulation in slices, $fe@ms 3 of 4 slices and as compared
to corresponding control valuesp*< 0.05, **p < 0.001).
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TABLE 2
Effect of ATR on Striated Muscle Slices in Rat and Pig Tissue

ATR concentration

Rat Pig
Parameters 0 mM 2 mM 0 mM 2 mM
MTT (% viability) 100.0+ 1.2 102.3+ 2.7 100+ 0.9 96.4+ 3.2
LDH (% total activity) 6.35+ 1.43 7.10+ 2.1 5.90+ 2.3 6.2+ 1.4
MDA (uwmol/mg protein) 1.28+ 0.32 1.44+ 0.28 0.95+ 0.18 1.10+ 0.3
GSH (ng/mg protein) 114.2 125 98.7+ 9.65 120.7+ 15.3 113.1+ 104

Note.Values are means SE;n = 2 of 4 slices.

1972; Terris, 1986) means that data derived from it may be lofer perfusion. These results are therefore consistent with tl
more direct clinical relevance to humans. Porcine tissue slidas/ivo observation since there are similar patterns of metabol
have already been reported to respond to other toxins (Fethealterations in both liver and kidney. This is not surprising a
al., 1991). ATR also caused an ATP depletion, which may be the cause
Precision-cut tissue slices offer the only practical and caosignificant inhibition of gluconeogenesis, a process known |
effective means of making such an assessment, which thaes ATP-dependent. However, the highest concentration
significant advantages oven vitro isolated fragments and ATR caused no more than a 50% decrease in cellular AT
conventional cell culture or cocultures (Obatomi and Backoncentrations of ATR that are quite cytotoxic when assess
1996a,b; Obatomi and Bach, 1997). Slices maintain their ndoy enzyme leakage (Figs. 4 and 5) have only a modest effect
mal cellular architecture and cell-cell communication, whictellular ATP. This suggests that cytotoxicity may not be as
more closely represents the vivo situation of tissues and result of perturbing cellular energy alone.
makes the comparison of different organs from several specied he utilization of marker enzymes as indices of cytotoxic darr
straightforward. Slices prepared in submersion culture froage are widely used in slices (Ranlkehal., 1994). The cyto-
our laboratory (Obatomeét al., 1997) are viable and maintainsolic marker enzyme LDH is present in all cells, but especiall
cellular and metabolic functions for up to 24 h. Significantentrilobular liver (Jungermann and Katz, 1989), whereas tf
toxicological changes were observed in renal fragments m&mbrane bound, brush border enzyme ALP is a regiospeci
early as 1 h after exposure to ATR (Obatomi and Backmarker of proximal brush border (Guder and Ross, 1984) ar
1996a,b), and in addition, ultrastructural changes have behe periportal region of the liver (Jungermann and Katz, 1989
shown to occur withi 3 h ofintraperitoneal administration of Thus the simultaneous leakage of both LDH and ALP from th
ATR (50 mg/kg bw) to rat (Carpenedst al.,1974) and dogs kidney, but not liver or the striated muscle (relative to thei
(Koechel and Krejci, 1993). Thus the exposure of tissue slicesspective controls), strongly suggests the injury induced I
reported in this study to ATR for 3 h was used to mirror thATR to be site-specific and depends on factors other than t
acute effects of the toxin. interaction between mitochondria and ATR. Indeed, previot
This study demonstrated differences in the basal biochemaports have shown ATR to affect the proximal tubule histol
istry of untreated kidney and liver slices from the two speciesgy in vivo (Carpenedet al., 1974; Bhoola, 1983). This may
Interference with hepatic and renal intermediary metabolisatso be true of the liver in which only LDH was significantly
shows that the knowin vivo effect of ATR is mirrored in increased following treatment with ATR. Previous histopatho
slices and also helps compare the sensitivity of different tissuegical studies also showed specific centrilobular (not peripo
and speciedn vivo,ATR is known to affect anabolic processedal) hepatic necrosis following treatment with ATIR vivo
(Obatomi and Bach, 1997). It induces transient hyperglyceni{idhoola, 1983). Thus ATR was potently cytotoxic in both ra
followed by hypoglycemia, acidosis, and decreased rate afd porcine renal cortical and hepatic, but not striated musc
oxygen consumption (Roedetal.,1994). We have previously slices. The liver and kidney tissue from these two specie
shown (Thantet al., 1997) that ATR also changes lipid me-responded similarly to ATR, but renal slices appeared to
tabolism in rat liver and kidney slices. Our present data shawore sensitive than hepatic slices in both species.
an ATR-induced reduction in glucose concentratinnvitro ATR impairs oxidative phosphorylation (Allmaet al.,
and a significant inhibition of gluconeogenesis in both liver artB67), which has been assumed to be the mechanism of ¢
kidney, an effect that results in reduction of tissue glucose ahdar injury. This simplistic approach does not explain why the
consequently an inhibition of one of the key functions of theggoximal tubule (Obatomi and Bach, 1997; Bhoola, 1983) ©
organs. Inhibition of glucose production in liver slices agredke centrilobular region of the liver (Georgiet al., 1988) are
with previously reported data (Ishii and Bracht, 1986) by usingglectively injured, nor does it explain other pathophysiologi
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cal changes involved in renal necrosis or fatalities. Both isafine (Obermannet al., 1973). Since lipid peroxidation
lated liver and kidney mitochondrial are similarly inhibited bydestroys biological membranes, it is reasonable to sugge
ATR (Obatomi and Bach, 1997), but the results obtained in thisis would result in hepatic damage, disturbed liver func
study show that mitochondrial toxicity appears to be led®n, and cell necrosis. Such an effect may explain wh
prominent in these intact tissues, although the ATP content wagnificant LDH but not ALP leakage occurs from liver
significantly altered in both kidney and liver slices and in botbklices of both species. The reactive intermediate that unde
species. This alteration was modest at concentrations of ATiBs ATR-induced lipid peroxidation has not been identified
that were cytotoxic. The MTT assay, which measures mitbut reactive oxygen species such as superoxide anion, |
chondrial function as a general index of cellular viabilitdrogen peroxide, or hydroxyl radicals may be involvec
(Mosbann, 1978), was less sensitive a cytotoxic marker thé®later, 1984). The extent of lipid peroxidation appeared t
other parameters, but this could be explained by recent studiesrelate with the extent of injury and was dose relatec
which demonstrated that the assay also measured some eXiace the GSH pools within the kidney are highly concen
mitochondrial effect (Berridge and Tan, 1993) and by thated in the proximal tubule (Schnellman and Mandel
limited effects of ATR on ATP in slices. While there wasl985), it will be reasonable to suggest that this region we
significant ATR-related reduction in formazan formation in thenostly affected, especially as the release of LDH and ALl
kidney, there was little change in the liver. Thus the mitochomeported here directly identifies this region to be susceptibl
drial effects of ATR do not, on their own, account for selectivéhe lack of significant increase in GSH:GSSG ratio ir
toxicity in higher order systems such as slices. The relatikédney slices suggests that some GSH may be conjugat
interspecies differences in sensitivity of MTT assay on the ométh an active metabolite of ATR or the presence of thi
hand, compared to other parameters, also suggest that diierpenoid reducede novoGSH synthesis. Lipid peroxi-
cytotoxic effect of ATR does not relate to its mitochondriatlation and/or GSH depletion following ATR exposure wa:
effects alone. The concentration-dependent decrease in AifRited to kidney and liver, but there were no changes i
content of slices also suggests that ATR acts by altering thgiated muscle, which suggests that it represents a nontar
bioenergetic balance of the cells. The decrease in ATP contéesue.
may be due to a dramatic increase in the energy demand, whicfihere is a paucity of data on ATR transport, excretior
may be caused by ATR or the reduced production of ATP da&d biotransformations as assumptions are usually ma
to the inhibition of the ATP/ADP translocase or both prowhen the compound is used in investigations concernir
cesses. control of metabolic fluxes. ATR is significantly excreted in
The role of ATR metabolism in its toxicity is not clear, buturine of exposed animals (Bye, 1991); thus the kidney i
ATR does interact with hepatic biotransformation systenggobably a major site of excretion, where ATR may accu
(Schnellman and Mandel, 1985). Site- and organ-specific targetilate by selective uptake. The presence of a sulphat
of ATR reflecting a possible mechanism of action is alsglycoside, with an aglycone moiety of ATR (Fig. 1), makes
reflected by the difference in lipid peroxidation and changes ihis molecule a candidate for anion transport (Lucienal.,
GSH level following exposure of kidney and liver slices td978; Koechel and Krejci, 1993). The importance of anio
ATR. Thus the very significant increase in MDA productiortransport is supported as probenecid pretreatment apparer
(twofold in rat and fourfold in pig) in liver, but not in kidney, delays the onset of nephrotoxicity in spontaneously respi
supports a dose-related lipid peroxidation following ATR exng dogs (Koechel and Krejci, 1993). Our data show the
posure. ATR inhibits PAH uptake in a dose- and time-depender
The present data provide evidence of a dose-dependeranner, which may be explained by a common transpc
GSH depletion in liver and kidney and a significant increasaechanism. Taken together these observations lend stren
in GSSG level only in the liver. Statistically significantto the hypothesis (Obatomi and Bach, 1996a,b, 1997) th
increases in the ratio GSH:GSSG were only observed time preferential uptake and renal accumulation of free AT
liver slices of both species, although this was more promay explain the site selectivity and sensitivity of its toxic-
nounced in the pig tissue. This invariably suggests thiy. This also offers a rational approach to modulating th
while ATR nephrotoxicity involves only the depletion ofeffects of the compound in poisoned humans. Similarly
cellular GSH, hepatotoxicity is accompanied by both lipievidence of oxidative stress and GSH depletion sugges
peroxidation and GSH depletion. The liver may therefore libat the administration of antioxidants may be therapeut
a major site for oxidative stres® vivo as ATR did not cally useful.
induce lipid peroxidation in the kidney slices from either In summary, we have assessed the toxicity of ATR in rat ar
rats or pigs. This is supported by data from rat renal fragig renal and liver tissue slices compared to striated musc
ments exposed to ATR (Obatomi and Bach, 1996a). Tlséces. No evidence of toxicity was observed in the striate
presence of a methylene moiety in ATR (Fig. 1) suggests thauscle slices. Both the kidney and liver slices from the rat ar
possibility of free radical formation, especially as the preshe pig showed similar responses to ATR in relation to cytc
ence of an oxidized ATR metabolite has been detected toxicity, and changes in metabolic and energy balance. Ti
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basic mechanisms of toxicity in the two organs appear to Beluca, M., and McElroy, N. D. (1978). Purification and properties of firefly
different. Our data show an interaction between PAH and ATR!uciferase Meth. Enzymol57, 3-14.

in the kidney and a depletion of GSH, while in the |iverpogglas, W. R. (1972). Of pigs gnd men and .research: A revie_w of applic
toxicity is accompanied by both GSH depletion a Significanttlons and analogies of the pig in human medical rese@phce Life Sci3,
! 226-234.

de(?rease In GSHGSSG ratio, and an mcrease_m |!p|d peroét':i_indin, M. (1970). A rapid quantitative fluorescence assay for cell damage |
dation. ATR toxicity in liver may be caused by oxidative stress. ¢ oxic antibodiesd. Immunol.104, 1303-1306.

Thls is not the case for the pI’OXImal tUb_UIe’ \_Nhere a recjuct"f}%her, R. L., Sipes, I. G., Gandolfi, A. J., and Brendel, K. (1991). Cryoprese
in de novoGSH synthesis or ATR conjugation could occur, vation of pig and human liver slice€ryobiology28, 131-142.

especially as this molecule may be accumulated by the ani@fimoto, Y., and Fujita, T. (1982). Effect of lipid peroxidation on p-amin-
transport system. There were interspecies and organ differshippurate transport by rat kidney cortical slic&. J. Pharmacol.786,
ences in some baseline biochemical data, but this was nct?3-379.

responsible for different responses to ATR toxicity. Mitochorfandolfi, A. J., Brendel, K., and Fernando, Q. (1996). Preparation and use

drial function using MTT was the least sensitive measure 0]cprecision-cut renal cortical slices in renal toxicology.Ntethods in Renal
totoxicit dd t tob ful t Toxicology(R. K. Zalups and L.H. Lash, Eds.), pp. 100-122. CRC Pres:
cytotoxicity and does not appear to be a very useful parameteg, .. raron FL.

for the short-term effects of ATR in slices. Georgiou, M., Sianidon, L., Hatzis, T., Papadatos, J., and Kouselini, S. /

(1988). Hepatotoxicity due tdétractylis gummifera L. Clin. Toxicol26,
487-493.
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