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In vitro exposure of hepatocytes or liver microsomes to t-butyl hydroperoxide resulted in a marked decrease 
of liver microsomal calcium pump activity. Decreased calcium pump activity was dependent upon both 
concentration and time. Liver microsomes could be protected from this effect by glutathione or dithiothreitol. 
In addition to decreased calcium pump activity, exposure of liver microsomes to t-butyl hydroperoxide 
produced a concentration-dependent aggregation of microsomal membrane protein as determined by poly- 
acrylamide gel electrophoresis. Inhibition of microsomal calcium pump activity was observed when intact 
hepatocytes were incubated, in vitro, with t-butyl hydroperoxide. However, aggregation of microsomai 
membrane protein was not observed when hepatocytes were incubated with t-butyl hydroperoxide. The 
effects produced by exposure of liver microsomes to this compound do not appear to be a complete model of 
actions of the compound on intact cells. 

Introduction 

Recent studies have shown that exposure of 
isolated hepatocytes to t-butyl hydroperoxide dis- 
rupted cellular calcium homeostasis and decreased 
both mitochondrial and extramitochondrial pools 
of calcium [1-3]. The extramitochondrial pool of 
calcium may represent calcium sequestered in the 
endoplasmic reticulum [4] by a calcium pump ac- 
tivity found in the microsomal fraction [4,5]. Jones 
et al. [4] have reported that exposure of liver 
microsomes to t-butyl hydroperoxide, in vitro, 
inhibited liver microsome calcium pump activity. 
These workers suggested that calcium pump activ- 
ity may be regulated by the glutathione redox state 
and that oxidative stress imposed by t-butyl 
hydroperoxide may be responsible for t-butyl 
hydroperoxide-produced damage to liver micro- 
somal (endoplasmic reticulum) calcium pump ac- 
tivity. Reexamination of the effect of t-butyl 

hydroperoxide on liver microsomes in vitro con- 
firms that exposure to this agent dramatically 
decreased calcium pump activity and that micro- 
somal pump activity was protected by glutathione 
and dithiothreitol. Exposure of microsomes to t- 
butyl hydroperoxide produced marked aggregation 
of microsomal proteins. It is possible that t-butyl 
hydroperoxide-induced protein aggregation was 
responsible for t-butyl hydroperoxide-induced loss 
of calcium pump activity in liver microsomes ex- 
posed to this agent in vitro. The effect of t-butyl 
hydroperoxide on microsomes in vitro may not 
accurately model the effect of the compound on 
intact hepatocytes. 

Experimental procedures 

Liver microsomes were prepared from male 
Sprague-Dawley rats (175-250 g) in 250 mM 
sucrose/3 mM EDTA, as previously described [6], 



except  that  the animals  were not  p re t rea ted  with 

phenobarb i t a l .  Mic rosomal  pellets  were resus- 
p e n d e d  in a solut ion compr i s ing  125 m M  
s u c r o s e / 5 0  m M  KC1, t ransferred to glass tubes, 
quickly frozen by immers ion  in l iquid N 2 and 
s tored at - 7 0 ° C  for up to 30 days.  Ca lc ium 
p u m p  act ivi ty  was de te rmined  with [45Ca2+] as 

previously  descr ibed  [5,6] in a med ium compr is ing  
100 m M  KC1/30  m M  imidazole-his t id ine  buffer  
(pH 6 .8 ) /5  m M  sodium a z i d e / 5  m M  a m m o n i u m  
o x a l a t e / 5  m M  M g C I 2 / 5  m M  A T P / 2 0 / ~ M  CaC12 
([45Ca2+] 0.1 / t C i / m l )  and  2 0 - 4 0  /~g/ml  micro-  

somal  protein.  Protein  was de te rmined  by the 
Coomass ie  br i l l iant  blue b ind ing  method  de- 
scr ibed by Bradford  [7]. Release of sequestered 
calc ium was de te rmined  as follows: microsomes  
(0 .2-0 .3  m g / m l )  were incubated  at 3 7 ° C  in a 
m e d i u m  compr is ing  100 m M  KC1/30  m M  im- 
idazole-his t id ine  buffer  (pH 6 .8 ) /5  m M  sodium 
a z i d e / 5  m M  M g C I 2 / 5  m M  A T P / 2 0  ~ M  CaC12 
([45Ca2+] 1 /~Ci /ml )  unti l  up take  equi l ibr ium was 

reached (10 -20  min). A n  al iquot  of the react ion 
mixture  was d i lu ted  10-fold into med ium conta in-  
ing 100 m M  KC1, 30 m M  imidazole-h is t id ine  buffer  
(pH 6.8), 0.1% D M S O  with or  without  t -butyl  
hyd rope rox ide  (1 ~ l / m l ) .  Samples  were taken at 
t imed intervals  and  processed as descr ibed above.  
Hepa tocy te s  were isola ted from rats, anesthesized 
with pen tobarb i t a l ,  by the method  of  Berry and 
F r i end  [8] as modi f ied  by Crisp  and Pogson [9]. 

Samples  were col lected for po lyac ry lamide  gel 
e lec t rophores is  at  t imed intervals.  SDS-poly-  
ac ry lamide  gel e lec t rophores is  was conduc ted  in a 
10% separat ing,  5% stacking gel system as previ-  
ously descr ibed  [10]. Proteins  employed  as molecu-  
lar  weight s t andards  were ob ta ined  from Sigma 
(St. Louis, MO, USA) :  myosin  (205 kDa),  beta-  
ga lac tos idase  (116 kDa) ,  phosphory lase  B (97.4 
kDa) ,  a lbumin  (66 kDa),  ova lbumin  (45 kDa)  and 
ca rbonic  anhydrase  (29 kDa).  

Resu l t s  and D i s c u s s i o n  

As repor ted  by  Jones  and co-workers  [4], in- 
cuba t ion  of  liver microsomes  in the presence of  
t -butyl  hyd rope rox ide  p roduced  inh ib i t ion  of  liver 
mic rosomal  ca lc ium p u m p  act ivi ty  (Fig.  1). Inhibi -  
t ion of  p u m p  act ivi ty  depended  upon  the con- 
cen t ra t ion  of  t -butyl  hydrope rox ide  and  upon  the 
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Fig. 1. Effect of t-butyl hydroperoxide on liver microsomal 
calcium pump activity. Liver microsomes (2-3 mg/ml) were 
preincubated with 0.1% DMSO (control) or DMSO and t-butyl 
hydroperoxide (0.1-0.3 ~l/ml) in a medium comprising 50 mM 
KC1/125 mM sucrose at 37°C for periods of time up to 30 
min. At timed intervals, aliquots were diluted 10-fold into 
additional KCl-sucrose at 4 o C. An additional 10-fold dilution 
of protein, DMSO and t-butyl hydroperoxide was achieved as 
part of determination of liver endoplasmic reticulum calcium 
pump activity [5,6]. Each point represents the mean of percent 
inhibition + S.E. for three or four experiments. Symbols used 
for preincubation concentration of t-butyl hydroperoxide are: 
II, 0.01; O, 0.03; ©, 0.1, and e, 0.3 ~l/ml. Calcium pump 
activity declined during the preincubation. Microsomal calcium 
pump activity of control incubations was 230±40 nmol 
Ca 2 ~/mg protein per 30 min after 1 min of preincubation, 
201± 15 after 3 min, 176_+23 after 10 min and 133_+9.0 after 
30 rain. 

length of  exposure  of  microsomes  to the hydroper -  
oxide.  Wi th in  10 min of  incuba t ion  with the hy- 
droperoxide ,  microsomal  calc ium p u m p  act ivi ty  
was inhibi ted  at all concent ra t ions  tested. When  
microsomes  were exposed  to 0.3 /~ l /ml  (approx.  
210 ~M,  Fig. 1) or  1 /~ l /ml  (da ta  not  shown), 
ca lc ium p u m p  act ivi ty  was comple te ly  inhib i ted  
within 3 min. 

H y d r o p e r o x i d e s  have been shown to be 
metabo l ized  by two routes in hepatocytes .  Hydro -  
peroxides  are subst ra tes  for g lu ta th ione  perox idase  
and  thus oxidize g lu ta th ione  and  pyr id ine  nucleo-  
t ides [11]. H y d r o p e r o x i d e s  are also subs t ra tes  for 
the cy tochrome P-450 system. Me tabo l i sm by  this 
sys tem generates  a free radical  and  induces l ipid 
pe rox ida t ion  [13]. As Jones and  co-workers  re- 
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ported [4], either dithiothreitol or glutathione 

would protect the liver microsomal calcium pump 
from the effect produced by t-butyl hydroperoxide 

(Table 1). MnC12 has been shown to protect against 
hydroperoxide-induced lipid peroxidat ion [4,13]. 
Jones and co-workers [4] reported that pretreat- 

ment  with MnC12 would not  protect against t-butyl 

hydroperoxide- induced loss of microsomal calcium 

pump  activity, This has also been confirmed (data 

not  shown). 
Others have reported that prolonged t reatment  

of intact hepatocytes with cumene hydroperoxide 

produced lipid peroxidat ion and generated high- 
molecular-weight protein material  that only slightly 
entered the separating gel upon  polyacrylamide gel 
electrophoresis analysis [12]. When liver micro- 
somes are incubated with t-butyl hydroperoxide 
for a shorter period of time, a similar effect was 
produced (Fig. 2). Incuba t ion  of microsomes with 

the hydroperoxide appeared to have produced ag- 
gregation of membrane  proteins which was seen as 

high-molecular-weight material that only slightly 
entered the separating gel. As high-molecular- 

weight material appeared at the top of the poly- 

acrylamide gel electrophoresis gel, several lower 

molecular  weight protein bands  were depleted. 
This may be an effect of the hydroperoxide inde- 

TABLE ! 

EFFECT OF GLUTATHIONE AND DITHIOTHREITOL 
ON t-BUTYL HYDROPEROXIDE-INDUCED LOSS OF 
CALCIUM PUMP ACTIVITY 

Liver microsomes were preincubated with glutathione (GSH) 
or dithiothreitol (DTT) for 1 rain at 37 °C and either t-butyl 
hydroperoxide (t-BOOH) in DMSO or DMSO was added. The 
samples were then incubated for an additional 3 rain. Samples 
were taken and calcium pump activity was determined as 
previously described [5,6]. Calcium pump activity is expressed 
as nmol Ca2+/mg protein/30 rain. Each point is representative 
of three or more experiments. 

t-BOOH GSH Calcium t-BOOH DTT Calcium 
(t~l/ml) (mM)  pump (~l/ml) (mM) pump 

activity activity 

0.3 0 3 0.3 0 3 
0.3 0.3 9 0.3 0.3 13 
0.3 1 14 0.3 1 21 
0.3 3 48 0.3 3 63 
0 0 124 0 0 142 
0 3 150 0 3 132 
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Fig. 2. SDS-polyacrylamide gel electrophoresis of liver micro- 
somes incubated with t-butyl hydroperoxide or CCI 4. Liver 
microsomes were preincubated with 0.1% DMSO or DMSO 
and t-butyl hydroperoxide (0.01-1 ~l/ml) as described in the 
legend for Fig. 1. Liver microsomes were also incubated with 
CC14 (0.1 and 1 btl/ml) and a NADPH-generating system, as 
previously described [6]. After incubation for 30 rain, an aliquot 
was prepared for SDS-polyac~lamide gel elctrophoresis. Each 
lane was loaded with 20 ~g protein and polyacrylamidc gel 
electrophoresis was conducted as described in Experimental 
procedures. Samples are as follows (left to right). Lanes 1-6, 
t-butyl hydroperoxide at 0, 0./)l, 0.03, 0.1, 0.3 and 1 /zl/ml; 
lanes 7-9, CCI 4 at 0, 0.1 and 1 #l/ml. 

pendent  of lipid peroxidation,  CCI4, a hepatotoxin 
that is metabolized to a free radical, is known to 
induce lipid peroxidation.  CCI 4 has been shown to 
inhibi t  the liver microsomal calcium pump when 
incubated with microsomes and a NADPH-gener -  
at ing system [6,14,15}. C C 1 4  did not induce forma- 
tion of this high-molecular-weight material (Fig. 
2). 

Trea tment  of intact  hepatocytes with t-butyl 
hydroperoxide (1 ~ l / m l ,  approx. 7 mM) produced 
57 + 8.2% inhibi t ion of liver endoplasmic reticu- 
lum calcium pump  activity within 1 min of incuba-  
t ion of the cells with the hydroperoxide. After 3 
and  10 min of incubat ion,  74 + 5.8 and 88 ± 5.8% 



inhibition of pump activity was observed. SDS- 
polyacrylamide gel electrophoresis of homogenates 
or microsomal preparations from these cells did 
not demonstrate an effect of t-butyl hydroper- 
oxide to produce protein aggregation (data not 
shown). This suggested that hydroperoxide-pro- 
duced aggregation of microsomal protein occurred 
only when microsomes were directly exposed to 
the hydroperoxide. This marked change to micro- 
somal protein material implied that large changes 
in membrane structure had occurred during in- 
cubation of microsomes with t-butyl hydroper- 
oxide. This suggested that changes of passive per- 
meability properties of the microsomal membrane 
may have occurred. In fact, microsomal membrane 
permeability to calcium was increased within 
minutes after exposure to the hydroperoxide. If 
liver microsomes accumulated calcium in the ab- 
sence of ammonium oxalate, calcium release could 
be studied when the reaction mixture was diluted 
sufficiently to minimize calcium pump activity [5]. 
In the experiments depicted in Fig. 3, liver micro- 
somes accumulated calcium in the absence of 
oxalate until an apparent equilibrium was reached. 
Upon dilution, calcium release was observed. 
Within minutes after addition of t-butyl hydroper- 
oxide, calcium release from the vesicles was sub- 
stantially enhanced. Within 8 min, a statistically 
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Fig .  3. E f f e c t  o f  t -bu ty l  h y d r o p e r o x i d e  o n  r e l ease  o f  c a l c i u m  

from liver microsomes. Liver microsomes were incubated and 
calcium release was determined as described in Experimental 
procedures. Each point represents the mean_+S.E, for four 
experiments. 
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significant increase in the rate of calcium release 
was apparent. These experiments did not exclude 
inhibition of calcium pump activity as the major 
effect of t-butyl hydroperoxide. But, these experi- 
ments did suggest that increased permeability may 
have contributed to the observed effect of the 
hydroperoxide on calcium sequestration by liver 
microsomes. 

Inhibition of liver endoplasmic reticulum 
calcium pump activity by hepatotoxins may con- 
tribute to expression of hepatotoxin action [16]. 
However, inhibition of pump activity by these 
compounds is complex. Pump activity is inhibited 
by chlorinated hydrocarbons, such as CC14 that 
induce lipid peroxidation but that do not deplete 
glutathione, and by compounds such as 1,1-dichlo- 
roethylene that do not induce lipid peroxidation 
but do deplete glutathione. 1,1-Dichloroethylene is 
a potent inhibitor of calcium pump activity in vivo 
[18] and in vitro [17]. However, neither lipid per- 
oxidation [15] nor glutathione depletion [17] ap- 
pears to be required for inhibition of endoplasmic 
reticulum calcium pump activity by hepatotoxins. 
Likewise, depletion of liver glutathione is not suf- 
ficient for loss of endoplasmic reticulum calcium 
pump activity [17]. In addition, hepatotoxins that 
are not chlorinated hydrocarbons, e.g., carbon dis- 
ulfide [19] and thioacetamide [20] have been shown 
to promptly inhibit liver endoplasmic reticulum 
calcium pump activity. The results presented in 
this report are consistant with the findings of 
Jones, Orrenius and co-workers [1-4] that t-butyl 
hydroperoxide, another type of agent toxic to 
hepatocytes in vitro, intereferes with calcium 
homeostasis in hepatocytes and that the com- 
pound promptly inhibits liver endoplasmic reticu- 
lum calcium pump activity. However, the results 
presented in this report suggest that exposure of 
liver microsomes to the compound in vitro is not 
an adequate model of the effects of t-butyl hydro- 
peroxide on intact cells. 

A c k n o w l e d g e m e n t s  

The excellent technical assistance of Mr. 
Michael Fraley and Ms. Beth Leary-DiGiuh'an is 
acknowledged. The opinions or assertions con- 
tained herein are the author's and are not to be 
construed as official or reflecting the views of the 



220 

Department of Defense or the Uniformed Services 
University of the Health Sciences. The experi- 
ments reported herein were conducted according 
to the principles set forth in the 'Guide for the 
Care and Use  of Laboratory Animals', Institute of 
Animal Resources, National Research Council, 
D H E W  Pub. No.  (NIH) 78-23. This study was 
supported in part by a grant from the U.S. Public 
Health Services (ESO2691). 

References 

1 Bellomo, G., JeweU, S.A., Thor, H. and Orrenius, S. (1982) 
Proc. Natl. Acad. Sci. USA 79, 6842-6846 

2 Jewell, S.A., Bellomo, G., Thor, H., Orrenius, S. and Smith, 
M.T. (1982) Science (Wash. D C) 217, 1257-1259 

3 Thor, H., Smith, M.T., Hartzell, P., Bellomo, G., Jewell, 
S.A. and Orrenius, S. (1982) J. Biol. Chem. 257, 
12419-12425 

4 Jones, D.P., Thor, H., Smith, M.T., Jewell, S.A. and Or- 
renius, S. (1983) J. Biol. Chem. 258, 6390-6393 

5 Moore, L., Chen, T., Knapp,  H.R., Jr. and Landon,  E.J. 
(1975) J. Biol. Chem. 250, 4562-4568 

6 Ray, P. and Moore, L. (1982) Arch. Biochem. Biophys. 218, 
26-30 

7 Bradford, M.M. (1976) Anal. Biochem. 72, 248 254 
8 Berry, M.N. and Friend, D.S. (1969) J. Cell Biol. 43, 

506- 520 
9 Crisp, D.M. and Pogson, C.I. (1972) Biochem. J. 126, 

1009-1023 
10 Laemmli, U.K. (1970) Nature 227, 680 685 
11 Lotscher, H.R., Winterhalter, K.H., Carafoli, E. and Richter, 

C. (1979) Proc. Natl. Acad. Sci. USA 76, 4340-4344 
12 Koster, J.F., Slee, R.G. and Van Berkel, Th.J.C. (1982) 

Biochim. Biophys. Acta 710, 230-235 
13 O'Brien, P.J. and Rahimtula,  A. (1975) J. Agric. Food 

Chem. 23, 154-158 
14 Lowrey, K., Glende, E.A., Jr. and Recknagel, R.O. (1981) 

Biochem Pharmacol. 30, 135-140 
15 Waller, R.L., Glende, E.A., Jr. and Recknagel, R.O. (1983) 

Biochem. Pharmacol. 32, 1613-1617 
16 Recknagel, R.O. (1983) Life Sci. 33 ,401-408 
17 Moore, L. (1982) Biochem. Pharmacol. 31, 1463-1465 
18 Moore, L. (1980) Biochem. Pharmacol. 29, 2505-2511 
19 Moore, L. (1982) Biochem. Pharmacol. 31, 1465-1467 
20 Younes, M.M. Albrecht, M. and Siegers C.-P. (1983) Res. 

Commun.  Chem. Path. Pharmacol. 40, 405-415 


