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Abstract-The effect of ochratoxin A on hepatic microsomal calcium sequestration was studied both in 
vivo and in vitro. The rate of ATP-dependent calcium uptake was inhibited by 42-45% in ochratoxin 
A intoxicated rats as compared to controls. In the presence of NADPH, addition of ochratoxin A (2.5 
to 100 PM) caused a concentration-dependent inhibition of calcium uptake (28-94%) by untreated rat 
liver microsomes. The rate of NADPH-dependent lipid peroxidation, measured as malondialdehyde 
formed, was also greatly enhanced by ochratoxin A. Various agents that inhibited ochratoxin A enhanced 
lipid peroxidation were also able to block the destruction of calcium uptake activity. Lipid peroxidation 
enhanced by ochratoxin A was also accompanied by leakage of calcium from calcium-loaded microsomes. 
These results suggest that ochratoxin A disrupts microsomal calcium homeostasis by an impairment of 
the endoplasmic reticulum membrane probably via enhanced lipid peroxidation. 

Ochratoxin A (OAO), a mycotoxin consisting of a 
5’-chlorinated 3,4-dihydro-3-methylisocoumarin 
moiety linked by an amide bond to L-P_phenyl- 
alanine, is produced by several species of Aspergillus 
ochraceus and Penecillum. The natural occurrence 
of OA in food and feed stuffs is widespread [l], and 
it is known to be highly toxic to animals [2-4]. The 
main pathological changes associated with OA tox- 
icity are kidney and liver damage [5,6]. Several 
authors have also reported the occurrence of renal 
and hepatic tumors in mice after ingestion of high 
doses of OA [7,8]. 

Administration of OA to rodents alters a variety of 
biochemical parameters in liver, kidney and urinary 
tract [%ll]. OA is known to be metabolised by liver 
microsomes of rats [12] and rabbits [13]. Recently, 
we reported that administration of OA to rats or 
addition of OA to rat liver microsomes enhances 
lipid peroxidation in vivo and in vitro respectively 
[14]. Here, we report the perturbation of hepatic 
calcium homeostasis after OA administration or in 
vitro addition of OA to untreated rat liver 
microsomes. The results presented demonstrate that 
destruction of calcium pump activity in the liver 
endoplasmic reticulum may be an early manifestation 
of OA toxicity. 

MATERIALS AND METHODS 

Reagents. Ascorbic acid, ATP, BHT, catalase, 
DMSO, GSH, isocitric acid, isocitric dehydrogenase, 
metyrapone, acnaphthoflavone, NADP+, OA, 

$ Author to whom all correspondence should be 
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5 Abbreviations: BHT, butylated hydroxytoluene; 
DMSO, dimethyl sulfoxide; GSi-I, reducdd glitathione; 
MDA, malondialdehvde; OA, ochratoxin A; SOD. 
superoxide dismutase; TBA, 2-thiobarbituric acid; and 
TCA, trichloroacetic acid. 

SOD, DL-(Y-tocopherol and TBA were purchased 
from the Sigma Chemical Co., St. Louis, MO, 
U.S.A. Desferal was obtained from Ciba-Geigy Can- 
ada Ltd., Dorval, P.Q. All other chemicals were of 
the highest grade commercially available. 

Animal treatment. Male Sprague-Dawley rats 
(200 ? 10 g) were obtained from Canadian Hybrid 
Farms, Halifax, N.S., and maintained on standard 
laboratory rat chow and water ad lib. The rats were 
starved overnight before being used. OA (10 mg/ 
kg body weight) was administered intraperitoneally 
(i.p.) in 20mM sodium bicarbonate. Control rats 
received an equivalent amount of vehicle. Animals 
were killed 5, 10 and 30 min after treatment. Liver 
microsomes were prepared as described previously 
[15]. Protein concentration was determined by the 
method of Lowry et al. [16]. 

In vitro incubations. Two separate incubation pro- 
cedures were employed to examine the in vitro 
effects of OA on untreated rat liver microsomes. 
For the first, liver microsomes (1.0 mg/ml) were 
incubated in 0.1 M phosphate buffer (pH 7.4) with 
a range of OA concentrations (O-100 PM in up to 
5 ~1 of DMS0/2 ml incubation volume) in the pres- 
ence of an NADPH regenerating system (consisting 
of 0.4 ,umol NADP+, 5 pmol MgC12, 5 pm01 DL-iso- 
citrate and 0.65 units of isocitric dehydrogenase per 
ml of incubation volume). Calcium uptake and lipid 
peroxidation were assayed at various time points as 
described below. For the second, microsomes (l.O- 
1.2 mg protein/ml) were preincubated with OA (O- 
100 PM) and an NADPH regenerating system in 
0.1 M phosphate buffer for 40 min. At the end of the 
incubation, an aliquot from each incubation mix was 
assayed to determine the extent of lipidperoxidation. 
The remaining mixtures were centrifuged at 
105,000 g for 30 min at 4” to recover the microsomes. 
Very little further lipid peroxidation occurred during 
recovery of the microsomes. Microsomal pellets were 
resuspended in imidazole-histidine buffer (30 mM 
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imidazole, 30mM histidine, 100mM KCl, pH6.8) 
and assayed for calcium uptake as described below. 

Measurement of calcium uptake. Calcium uptake 
activity in liver microsomes from control or OA- 
administered rats or in in vitro incubated microsomes 
(as described above) was measured by the method 
of Moore et al. [17] as described earlier [18]. Briefly, 
microsomes (0.15 mg protein/ml) were incubated at 
37” with 30 mM imidazole, 30 mM histidine, 100 mM 
KCl, 5 mM MgC12, 5 mM ATP, 5 mM ammonium 
oxalate, 20 PM CaCl* and 0.1 @/ml 45CaC12. The 
medium was adjusted to pH 6.8 with imidazole and 
prewarmed to 37”, and the assay was initiated by the 
addition of microsomes. At various time intervals, 
OS-ml aliquots were filtered with the aid of a vacuum 
apparatus on prewetted glass microfibre filters 
(Whatman, type 934-AH; diameter, 24mm; pore 
size, 0.2 ,um). After rapid washing with 10 ml of cold 
buffer, the filters were placed in scintillation vials 
and air dried. Bound radioactivity was monitored in 
a Beckman LS-1801 liquid scintillation counter after 
addition of scintillation fluid (Beckman, Ready solv- 
HP) to the vials. 
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Fig. 1. 45CaZ+ uptake by liver microsomes from control 
and OA-treated rats. Experimental details are given in 
Materials and Methods. Values are means +- SD from six 
rats. All OA values were significantly (P < 0.05) inhibited 

compared to control. 

Measurement of lipid peroxidation. Lipid per- 
oxidation was estimated by measuring the level of 
MDA formed using the TBA assay as described 
before [14]. Briefly, lipid peroxidation was ter- 
minated at various time intervals by transferring 0.5- 
ml aliquots of the incubation mixture into tubes 
containing 50 ~1 of 2% BHT in ethanol and 500 ,~l of 
30% TCA. After addition of 500 ~1 of TBA (0.67%) 
and 500 ~1 of distilled water, the tubes were heated 
in a boiling-water bath for 15 min, cooled and centri- 
fuged at 3000 rpm for 10 min. The absorbance of the 
MDA-TBA adduct was read at 535 nm against a 
blank corresponding to the incubation of microsomes 
alone. An extinction coefficient of 1.56 x lo5 
M-l cm-’ was used for the MDA-TBA adduct. 

In uitro addition of OA to untreated rat liver 
microsomes also severely inhibited the calcium 
uptake activity (Fig. 2A). In the absence of OA, 
incubation of microsomes with an NADPH regen- 
erating system for 40 min resulted in the uptake of 
126.31 2 12.82 nmol of Caz+/mg protein. Inclusion 
of 10 PM OA in the incubation medium resulted in 
an 80% decrease in calcium sequestration. In the 
absence of NADPH, the same concentration of OA 
(1OpM) did not produce a significant decrease in 
calcium uptake (Fig. 2A). 

Enzyme assays. Microsomes exposed to OA- 
NADPH were also assayed for glucosed-phos- 
phatase, benzo[a]pyrene hydroxylase, and ethoxy- 
coumarin-0-deethylase activities. Glucose-6- 
phosphatase activity was measured with glucose-6- 
phosphate (35 mM) in imidazole-histidine buffer for 
30 min at 37”. The inorganic phosphate released was 
measured by the method of Fiske and Subbarow 
[19]. Benzo[a]pyrene hydroxylase and ethoxy- 
coumarin-0-deethylase activities were measured as 
described by Nebert and Gelboin [20] and Shull et 
al. [21] respectively. 

Inhibition of microsomal calcium uptake was 
associated with an enhancement of NADPH-induced 
lipid peroxidation (Fig. 2B). The increase in lipid 
peroxidation was directly dependent on the amount 
of OA added, indicating that the extent of lipid 
peroxidation could be controlled by the con- 
centration of OA used. 

Statistical analysis. Statistical comparisons 
between groups were carried out using Student’s t- 
test. A level of significance of P < 0.05 (two-tailed) 
was chosen. 

RESULTS 

In some experiments, lipid peroxidation (MDA 
formation) and calcium sequestration were measured 
simultaneously. In the presence of NADPH only 
(no OA), calcium uptake by microsomes increased 
linearly during the 40-min incubation period (Fig. 
3A). When OA was included, the microsomes 
displayed a lower rate of calcium accumulation. 
However, this inhibitory trend in the presence of OA 
was much more significant after 20 min of incubation. 
These results suggest that inhibition of calcium 
sequestration may be related to, and dependent 
upon, the extent of lipid peroxidation. As seen in 
Fig. 3B, MDA production at the end of 20min 
was between 1.29 and 3.16 nmol/mg protein in the 
presence of 5-100 PM OA. The corresponding values 
at the end of 40min were 3.89-30.27nmol MDA/ 
mg protein. 

Figure 1 shows the ATP-dependent calcium 
uptake activity measured at various incubation times 
in liver microsomes isolated from control rats and 
rats dosed 10 min earlier with OA. Calcium uptake 
was inhibited markedly (4245%) in the OA-intoxi- 
cated animals. The inhibitory effect of OA on micro- 
somal calcium uptake was noticed as early as 5 min 
after OA administration and lasted for at least 30 min 
after toxin administration (data not shown). 

Table 1 shows the effects of a variety of agents- 
active oxygen scavengers, antioxidants, GSH, an 
Fe3+ chelator and cytochrome P-450 inhibitors- 
on NADPH-dependent MDA formation and active 
calcium uptake by rat liver microsomes in the pres- 
ence of 100 ,uM OA. In general, agents that inhibited 
or abolished the OA-stimulated lipid peroxidation 
also reduced or blocked the inhibitory effect on 
calcium sequestration. The lack of effect of catalase 
or SOD indicates that neither free superoxide anions 
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Fig. 2. Effect of OA on microsomal calcium uptake (A) 
and lipid peroxidation (B) in the presence or absence of 
NADPH. The initial incubations were carred out in 0.1 M 
phosphate buffer (pH 7.4) containing rat liver microsomes 
(1.0-l .2 mg protein/ml) and various concentrations of OA 
(0-2OOpM) in the presence or absence of an NADPH 
regenerating system. The various concentrations of OA 
were added in DMSO (5fl DMS0/2ml incubation 
volume) which by itself neither enhanced lipid peroxidation 
nor inhibited the calcium uptake activity. After 40 min of 
incubation at 37”, an aliquot of the reaction mixture was 
analyzed for MDA levels. The rest of the incubation mix- 
ture was centrifuged, and the recovered microsomes, at a 
concentration of 0.15 mg protein/ml, were incubated for 
another 40min at 37” for calcium uptake studies as 
described in Materials and Methods. Data in panel A 
are expressed relative to calcium uptake by unperoxidized 
microsomes (126.31 + 12.82 nmol/mg protein) as 100. 
Each point is the mean + SD of duplicate incubations from 

four independent experiments. 

nor hydrogen peroxide was involved. As expected, 
the antioxidant, BHT, and the iron chelator, 
desferal, virtually abolished lipid peroxidation and 
also the inhibitory effect on calcium sequestration. 
The cytochrome P-450 inhibitor metyrapone was 
without any effect, but a+naphthoflavone (100 PM) 
inhibited lipid peroxidation and restored calcium 
sequestration ability by about 85%. 

Table 2 compares the effect of increasing OA 
concentrations on inhibition of calcium uptake and 
depression of microsomal enzyme activities such as 
benzo[a]pyrene hydroxylase, ethoxycoumarin-O- 
deethylase and glucose-6-phosphatase in perox- 
idizing microsomes in the presence of NADPH. At 
a peroxidation level of 5.74 nmol MDA/40 min/mg 
protein (10 @l OA), an 80% loss of calcium uptake 
activity was noticed, whereas loss of benzo[a]pyrene 
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Fig. 3. Time course of calcium uptake (A) and MDA 
production (B) by liver microsomes in the presence of 
various concentrations of OA. Microsomes at a con- 
centration of 0.25 mg/ml were incubated for 40 min at 37” 
with 100 PM CaCl,, 5 mM ATP, 5 mM ammonium oxalate, 
5 mM magnesium chloride, 5 mM sodium azide, %aCI, 
(0.6 &i/ml), NADPH regenerating system, 100 mM pot- 
assium chloride, 30mM imidazole, 30 mM histidine, 
(pH 6.8) and various amounts of OA. Other details are as 
described in Materials and Methods. Each point is the 
mean f SD of duplicBte incubations from three separate 

experiments. 

hydroxylase, ethoxycoumarin-0-deethylase and 
glucose+phosphatase activities was 27,18 and 15% 
respectively. Thus, at low levels of MDA production, 
calcium uptake was the most severely affected of 
the indicators of microsomal enzyme activities 
examined. 

DISCUSSION 

Intracellular calcium compartmentation is 
governed by several transport systems operating in 
a highly regulated fashion. Loss of normal calcium 
homeostasis appears to be an early and critical event 
in the development of toxic cell injury [22]. An 
increase in cytosolic free calcium concentration 
resulting from the mobilization of intracellularly 
sequestered calcium and/or inhibition of cellular cal- 
cium extrusion seems to be critically linked to the 
development of cytotoxicity [23]. The endoplasmic 
reticulum plays an important regulatory role in main- 
taining intracellular calcium homeostatis and low 
cytosolic calcium levels [22-261. The present report 
establishes that inhibition of the calcium pump of 
liver endosplasmic reticulum is an early event after 
administration of OA to rats. Within 10 min of OA 
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Table 1. Effects of various agents on ochratoxin A stimulated malondialdehyde formation and 
calcium uptake activity in rat liver microsomes 

Additions to Lipid peroxidation 
complete system (nmol MDA/mg protein/40 min) 

Ca2+ uptake 
(nmol/mg protein/40 min) 

(-ON 
None 
BHT (25 ,uM) 
Desferal (50 PM) 
GSH (500 pM) 
cr-Naphthoflavone 

(100 PM) 
Metyrapone (500 PM) 
cu-Tocopherol (250 PM) 
Catalase (20 pg) 
SOD (2O~g) 

1.98 2 0.23 
28.82 2 2.52 

1.56 2 0.22 
1.72 _’ 0.31 
4.57 ? 0.38 

4.01 2 0.34 
33.72 2 2.94 
20.75 _’ 3.04 
27.95 ? 2.91 
28.24 ? 3.11 

125.32 2 8.57 
10.52 2 0.88 

137.85 or 9.52 
125.88 2 8.39 
92.95 2 7.44 

109.70 2 9.26 
12.59 2 1.95 
22.27 -+ 2.03 
9.62 2 1.11 
9.55 r 1.09 

The complete system consisted of 1 mg microsomal protein/ml, 1OOpM OA and an NADPH 
regenerating system in 0.1 M phosphate buffer (pH 7.4). The various agents were added as aqueous 
solutions or in 5 ,uI of methanol before addition of NADPH regenerating system which served to 
initiate lipid peroxidation. Incubations were carried out in duplicate at 37” for 40 min, and aliquots 
were taken for MDA measurement. The rest of the incubation mixtures were centrifuged, and the 
recovered microsomes were assayed for calcium uptake activity. Details are as described in 
Materials and Methods. Values are expressed as means f SD from three separate experiments. 

Table 2. Effect of OA addition on malondialdehyde formation, calcium uptake, benzo[a]pyrene hydroxylase, 7- 
ethoxycoumarin-0-deethylase and glucose-6-phosphatase activities in rat liver microsomes 

Lipid Enzymes activities (% of control) 
OA peroxidation 

concn (nmol MDA/mg Ca*+ uptake Benzo[a]pyrene Ethoxycoumarin-O- 
(@f) protein/40 min) (% of control) hydroxylase deethylase Glucose-6-phosphatase 

0 2.04 f 0.37 100 100 100 100 
2 3.45 + 0.67 75.32 f 9.12 103.15 f 4.86 98.00 -+ 8.56 99.32 2 9.97 
5 4.41 * 0.35 43.34 + 4.18 86.96 f 9.66 95.00 2 7.92 96.53 * 9.97 

10 5.74 + 0.67 21.17 + 3.12 73.33 ” 8.13 82.50 f 7.65 85.53 + 8.32 
20 10.60 f 1.04 18.83 +- 1.23 60.00 f 5.19 75.32 + 6.52 78.37 * 5.39 
50 15.44 ? 1.29 11.83 f 1.75 16.52 f 1.65 61.00 2 5.32 65.33 t 6.57 

100 25.82 2 1.93 6.11 + 0.93 4.49 t 0.35 32.50 f 3.56 40.39 + 4.57 

The complete system consisted of 1 mg microsomal protein/ml, an NADPH regenerating system and various con- 
centrations of OA in 0.05 M Tris-HCI buffer (pH 7.4). Incubations were carried out in duplicate at 37” for 40 min, and 
samples were taken for MDA measurement. The rest of the incubation mixtures were centrifuged, and the recovered 
microsomes were assayed for calcium uptake activity and other enzymes activities as described in Materials and Methods. 
Values are expressed relative to no OA addition as 100% and are means 2 SD from three separate experiments. 
Actual values (in nmol/min/mg protein) are: Ca2+ uptake, 3.16 -C 0.32; benzo[a]pyrene hydroxylase, 115.58 2 9.00; 
ethoxycoumarin-0-deethylase, 3.15 + 0.28; and glucose-6-phosphatase, 240 -+ 18. 

administration, this activity was depressed by 42% 
(Fig. 1). Also, in vitro addition of OA to microsomes 
in the presence of an NADPH regenerating system 
caused a concentration-dependent inhibition of cal- 
cium uptake (Fig. 2A). Berndt et al. [27] reported 
that administration of the mycotoxins, OA and citri- 
nin, to rats resulted in an increase in whole liver 
calcium content after 3 min. The inhibitory effect on 
microsomal calcium uptake activity and an early 
accumulation of calcium in liver have also been 
observed in carbon tetrachloride intoxicated rats 
[9,28,29]. These results suggest that a rise in calcium 
concentration and inhibition of endoplasmic retic- 
ulum calcium uptake may be common pathways in 
toxic cell death by various agents [23,30]. 

The microsomal calcium sequestering system is 
very sensitive to oxidative damage. Several toxic 

agents, which can either directly or indirectly cause 
oxidant damage, can also decrease the activity of 
the calcium pump [31-381. Studies by Orrenius and 
coworkers have suggested that the calcium pump 
activity is inhibited markedly by addition of per- 
oxides to the incubation mixture [32-34,36,37]. 
Waller et al. [38] reported that microsomal calcium 
sequestration is depressed significantly by an 
enhancement of lipid peroxidation. In a previous 
study [14], we demonstrated that administration of 
a single dose of OA (%lOmg/kg body weight) to 
rats enhances ethane exhalation (an index of in vivo 
lipid peroxidation) within 10 min and that this level 
steadily increases to about seven times that of control 
rats after 130 min. When OA was added to an incu- 
bation mixture consisting of liver microsomes from 
untreated rats and an NADPH regenerating system, 
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a dose-dependent increase in MDA formation was 
noticed (Fig. 2B). Thus, OA-enhanced lipid per- 
oxidation may be a likely cause of the reduced ability 
of the endoplasmic reticulum to sequester calcium. 
This is consistent with observations that agents that 
inhibited or blocked OA-stimulated lipid per- 
oxidation were also able to reduce or prevent the 
destruction of microsomal calcium pump activity 
(Table 1). Our results also demonstrate the sen- 
sitivity of microsomal calcium sequestration to OA- 
enhanced lipid peroxidation. At exceedingly low 
levels of lipid peroxidation, calcium uptake was 
inhibited more severely than either glucose-6-phos- 
phatase or microsomal drug-metabolising enzymes 
(Table 2). 

The disturbance of microsomal calcium accumu- 
lation during peroxidation enhanced by OA was 
also studied. The low level of peroxidation observed 
during the first 20 min of incubation was 
accompanied by only a small inhibition of calcium 
sequestration. However, extensive lipid peroxi- 
dation induced by OA during the next 20min 
resulted in a severe decline in calcium accumulation 
(Fig. 3). This decline in accumulation could be the 
result of an alteration in the permeability of micro- 
somes to calcium and/or to direct damaging effects 
on the pump itself. Calcium pump activity is known 
to be sensitive to changes in the phospholipid 
environment [39,40]. Chien et al. [41] also reported 
decreased calcium sequestration in ischemic myo- 
cardial microsomes associated with altered phospho- 
lipid metabolism. In the case of OA intoxication, an 
alteration of membrane phospholipids may affect the 
calcium pump in a similar or direct manner. Other 
possibilities such as oxidation of a thiol group(s) 
which is necessary for Ca ” ATPase activity in OA 
toxicity cannot be excluded (Table 1) [42]. 

In summary, our results suggest that OA causes a 
disturbance in endoplasmic reticulum calcium hom- 
eostasis which may be an early event in hepato- 
toxicity and which is correlated closely with minimal 
levels of OA-induced lipid peroxidation. This may 
perturb intracellular calcium homeostasis and poss- 
ibly result in an alteration in calcium-stimulated 
enzyme activities and hormonal secretion which, in 
turn, can produce structural changes in the plasma 
membrane sufficient to allow an influx of extra- 
cellular calcium and cause cellular necrosis. 

Acknowledgements-The financial assistance of the Kidney 
Foundation is gratefully acknowledged. 

REFERENCES 

1. Krogh P and Nesheim S, Ochratoxin A. In: Enuiron- 
mental Carcinogens-Selective Metho& of Analysis 
(Editor-in-chief H. Egan), pp. 247-253. IARC Scien- 
tific Publication No. 44, Lybn, France, 1982. 

2. van der Merwe KJ, Stevn P.S. Fourie L. Scott DB and 
Theron JJ, Ochratoxin A, a toxic metabolite produced 
by Aspergillus ochraceus Wilh. Nature 205: 1112-1113, 
1965. 

3. Purchase IFH, Theron JJ, The acute toxicity of och- 
ratoxin A to rats. Food Cosmet Toxic01 6: 479-483, 
1968. 

4. Peckham JC, Doupnick B Jr and Jones OH Jr, Acute 
toxicity of ochratoxins A and B in chicks. Appl Micro- 

biol21: 492-494, 1971. 
5. Harwig J, Ochratoxin A and related metabolites. In: 

Mycotoxins (Ed. Purchase IFH), pp. 345-368. Elsevier, 
Amsterdam, 1974. 

6. Krogh P, Ochratoxins. In: Mycotoxins in Human and 
Animal Health (Eds. Rodricks JV, Hesseltine CW and 
Mehlman MA), pp. 489-498. Pathotox, New York, 
1977. 

7. Kanisawa M and Suzuki S, Induction of renal and 
hepatic tumors in mice by ochratoxin A, a mycotoxin. 
Gann 69: 599-600, 1978. 

8. Bendele AM. Carlton WW. Kroeh P and Lillehoi EB. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

Ochratoxin A carcinogen&is i’; the (C57BL/6J x 
C3H)Fi mouse. J Nat1 Cancer Inst 75: 733-742, 1985. 
Pitout MJ, The effect of ochratoxin A on glycogen 
storage in the rat liver. Toxic01 Appl Pharmacol 13: 
299-306, 1968. 
Berndt WO, Hayes AW and Phillips RD, Effects of 
mycotoxins on renal function: Mycotoxic nephropathy. 
Kidney Int. 18: 656-664, 1980. 
Kane A, Creppy EE, Roschenthaler R and Dirheimer 
G, Changes in urinary and renal tubular enzymes 
caused by subchronic administration of ochratoxin A 
to rats. Toxicology 42: 233-243, 1986. 
Stormer FC, Hansen CE, Pederson JI, Hvistendahl G 
and Aasen AJ, Formation of (4R)- and (4S)-Chydroxy- 
ochratoxin A from ochratoxin A by liver microsomes 
from various species. Appl Environ Microbial 42: 1051- 
1056, 1981. 
Stormer FC, Storen 0, Hansen CE, Pederson JI and 
Aasen AJ, Formation of (4R)- and (4S)-4-hydroxy- 
ochratoxin A and lo-hydroxyochratoxin A from och- 
ratoxin A by rabbit liver microsomes. Appl Environ 
Microbial 45: 1183-1187, 1983. 
Rahimtula AD, Bereziat J-C, Griot-Bussacchini V and 
Bartsch H, Lipid peroxidation as a possible cause of 
ochratoxin A toxicitv. Biochem Pharmacol37: 4469- 
4477, 1988. - 
Rahimtula AD, Zachariah PK and O’Brien PJ, Dif- 
ferential effects of antioxidants, steroids and other 
compounds on benzo[a]pyrene 3-hydroxylase activities 
in various tissues of rat. Br J Cancer 40: 105-112,1979. 
Lowry OH, Rosebrough NJ, Farr AL and Randall RJ, 
Protein estimation with the Folin phenol reagent. J 
Biol Chem 193: 265-275, 1951. 
Moore L, Davenport R and Landon EJ, Calcium 
uptake of a rat liver microsomal subcellular fraction in 
response to in uiuo administration of carbon tetra- 
chloride. J Biol Chem 251: 1197-1201, 1976. 
Khan S, Payne JF and Rahimtula AD, Mechanisms of 
petroleum hydrocarbon toxicity: Destruction of liver 
microsomal and mitochondrial calcium pump activities 
by a Prudhoe Bav crude oil. J Biochem Toxic01 1: 31- 
43, 1986. . 
Fiske CH and Subbarow Y, The calorimetric deter- 
mination of phosphorus. J Biol Chem 66: 375-400, 
1925. 
Nebert DW and Gelboin HV, Substrate inducible 
microsomal aryl hydroxylase in mammalian cell 
culture. J Biol Chem 243: 6242-6249, 1968. 
Shull LR, Bleavins MR, Olson BA and Aulerich RJ, 
Polychlorinated biphenyls (Araclors@ 1016 and 1242): 
Effect on hepatic microsomal mixed function oxidase 
in mink and ferrets. Arch Environ Contam Toxic01 11: 
313-321, 1982. 
Orrenius S and Bellomo G, Toxicological implications 
of perturbation of Ca*+ homeostasis in hepatocytes. In: 
Calcium and Cell Function (Ed. Cheung WY), Vol. 
VI, pp. 185-208. Academic Press, Orlando, 1986. 
Trump BF and Berezesky IK, Ion regulation, cell injury 
and carcinogenesis. Carcinogenesis 8: 1027-1031,1987. 
Becker GL, Fiskum G and Lehinger AL, Regulation 
of free Ca* by liver mitochondria and endoplasmic 



72 S. KHAN et al. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

reticulum. J Biol Chem 255: 9009-9012, 1980. 35. Jones DP, Thor H, Smith MT, Jewel1 SA and Orrenius 
Dawson AP, Kinetic properties of the Ca*+ accumu- S, Inhibition of ATP-dependent microsomal Caz+ 
lation system of a rat liver microsomal fraction. Bio- sequestration during oxidative stress and its prevention 
them J 206: 73-79, 1982. by glutathione. J Biol Chem 256: 6390-6393, 1983. 
Somylo AP, Cell physiology: Cellular site of calcium 36. DiMonte D, Ross D, Bellomo G, Eklow L and 
regulation. Nature 309: 516517, 1984. Orrenius S, Alterations in intracellular thiol hom- 
Berndt WO, Hyes AW and Baggett JM, Effect of eostasis during the metabolism of menadione by iso- 
fungal toxins on renal slice calcium balance. Toxic01 lated rat hepatocytes. Arch Biochem Biophys 235: 334- 
Appl Pharmacol74: 78-85, 1984. 342, 1984. 
Reynolds ES, Liver parenchymal cell injury. I. Initial 37. DiMonte D, Bellomo G, Thor H, Nicotera P and 
alteractions of the cell following poisoning with carbon Orrenius S, Menadione-induced cytotoxicity is associ- 
tetrachloride. J Cell Biol 19: 139-157, 1963. ated with protein thiol oxidation and alteration in intra- 
Long RM and Moore L, Inhibition of liver endoplasmic cellular Ca*+ homeostasis. Arch Biochem Biophys 235: 
reticulum calcium pump by CC& and release of a 343-350, 1984. 
sequestered calcium pool. Biochem Pharmacol 35: 38. Waller RL, Glende EA Jr and Recknagel RO, Carbon 
4131-4137, 1986. tetrachloride and bromotrichloromethane toxicity: 

Farber JL, Biology of disease: Membrane injury and Dual roles of covalent binding of metabolic cleavage 

calcium homeostasis in the pathogenesis of coagulative products and lipid peroxidation in depression of micro- 

necrosis. Lab Invest 47: 114-123, 1982. somal calcium sequestration. Biochem Pharmacol32: 

Moore L, Inhibition of liver microsome calcium pump 1613-1617, 1983. 

by in vivo administration of Ccl.,, CHCl, and l,l- 39. Martonosi A, Lagwinska E and Oliver M, Elementary 

dichloroethylene. Biochem Pharmacol29: 2505-2511, processes in the hydrolysis of ATP by sarcoplasmic 

1980. 
reticulum membranes. Ann NYAcad Sci 227: 549-567, 
1 WA 

32. 40. Bellomo G, Jewel1 SA, Thor H and Orrenius S, Regu- 
lation of intracellular calcium compartmentation: Stud- 
ies with isolated hepatocytes and t-butyl hydro- 
peroxide. Proc Nat1 Acad Sci USA 79: 6842-6846,1980. 
Bellomo G, Mirabelli F, Richelmi P and Orrenius S. 
Critical role of sulfhydryl group(s) in ATP-dependent 
Ca’+ sequestration by the plasma membrane fraction 
from rat liver. FEBS Lett 163: 136-139, 1983. 
Moore GA, Jewel1 SA, Bellomo G and Orrenius S, On 
the relationship between CaZ+ efflux and membrane 
damage during &butylhydroperoxide metabolism by 
liver mitochondria. FEBS Lett 153: 289-292, 1983. 

*<, . . 
Whipps DE, Armston AE, Pryor HJ and Halestrap 
AP. Effect of alucaaon and Ca*+ on the metabolism of 
ph&phatidyl&ositoI 4-phosphate and phosphatidyl- 
inositol 4.5-bisohosnhate in isolated rat heoatocvtes 
and plasma membra;es. Biochem J241: 835~&5,1G87. 
Chien KR. Pfau RG and Farber JL. Ischemic mvo- 
cardial cellinjury: Prevention by chlordpromazine oian 
accelerated phospholipid degradation and associated 
membrane dysfunction. Am J Pathol97: 505-529,1979. 
Moore L, Chem T, Knapp HR Jr and Landon EJ, 
Energy-dependent calcium sequestration activity in rat 
liver microsomes. J Biol Chem 250: 4562-4568, 1975. 

33. 

34. 

41. 

42. 


