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Abstract-The incubation of isolated rat hepatocytes with 0.172 mM carbon tetrachloride caused a rapid 
decrease in the calcium content of both mitochondrial and extramitochondrial compartments. However, 
the release of Ca*+ from the intracellular stores was not associated with an increase in the cytosolic Ca*+ 
levels as measured by activation of phosphorylase a or by Quin-2 fluorescence. A rapid rise in hepatocyte 
free calcium was only observed with concentrations of CC& higher than 0.172 mM. 

The lack of activation of phosphorylase a was not due to the inhibition of the enzyme by CC&, since 
in CCL-treated hepatocytes the phosphorylase activity could be stimulated by glucagon, butyryl-cAMP 
or by the increase of cell calcium induced by the addition of A23187. 

Ca2+-dependent ATPase of plasma membranes was only slightly affected in the early phases of 
poisoning with CC& when both mitochondrial and extramitochondrial calcium pools were already 
lowered. This led to the conclusion that calcium released from intracellular organelles could be extruded 
from the cells in sufficient amounts to prevent the increase of the cytosolic levels. 

A rise in hepatocyte free calcium was observed during the second hour of incubation with CCL,, 
concomitantly with the appearance of both LDH leakage and plasma membrane blebbing. The addition 
of EGTA to the medium prevented both the increase in cytosolic Ca2+ and the blebbing suggesting that 
they were a consequence of an influx of calcium into the cells. However, neither EGTA nor the addition 
of inhibitors of calcium-dependent phospholipase A2 or non-lysosomal proteases were able to protect 
against cell death. These latter results suggested that the alterations of calcium distribution induced by 
CC& in isolated hepatocytes were not a primary cause of the toxic effects, although they did not exclude 
that a sustained rise in cytosohc Caz+ could contribute in the progression of cell injury. 

One of the earliest consequences of CC& intoxication 
is a dramatic inhibition of the calcium sequestering 
capacity by the endoplasmic reticulum vesicles. This 
effect is already evident after 5-10 min from the in 
uioo administration of Ccl, or from its addition in 
vitro to suspensions of liver microsomes or isolated 
hepatocytes [l, 21. 

In the latter, the incubation with CCll also affected 
the Ca2+ uptake by mitochondria [3] probably as a 
consequence of a direct attack of free radical inter- 
mediates on the organelles. 

Speculations about the consequences of such early 
damages of calcium homeostasis suggested that the 
inhibition of microsomal calcium uptake would result 
in an elevation of the cytosolic Ca2+ levels which 
would then lead to the onset of the cell injuries 
caused by carbon tetrachloride [4]. 

Although partially contradicted by subsequent 
studies [5,6], this hypothesis was reinvestigated by 
Long and Moore who reported that cultured hepa- 
tocytes exposed to Ccl4 presented an elevation in 
the cytosolic free calcium, which paralleled the inhi- 
bition of the calcium pump in the endoplasmic retic- 
ulum [7,8]. They also showed that the leakage of 
intracellular enzymes followed the rise of free Ca2+ 

* Correspondence should be sent to Dr Emanuele 
Albano. 

in the hepatocyte [7]. However, the concentrations 
of Ccl* (l-3 mM) used in these latter studies were 
much higher than those sufficient to impair the cal- 
cium sequestering capacity of isolated hepatocytes 
[9] as well as to cause cell damage [9, lo]. On the 
other hand, Ccl4 at concentrations above 0.5 mM is 
known to nonspecifically damage the hepatocytes 
probably as consequence of its solvent properties 
u11. 

Considering the importance of discriminating 
between the toxic mechanisms related to the meta- 
bolic activation of Ccl, and nonspecific effects we 
have investigated the alterations of Ca2+ homeostasis 
induced in isolated hepatocytes by the exposure to 
low concentrations of CC14. Particular attention was 
paid to the possible relationships between these 
events and the appearance of cell injury. 

MATERIALS AND METHODS 

Collagenase Type I, Ca2+ ionophore A23187, car- 
bony1 cyanide m-chlorophenylhydrazone (CCCP), 
arsenazo III, Quin-2 tetracetoxymethyl ester, chlor- 
promazine, mepacrine, leupeptine, antipain 
dihydrochloride, N-6-aminohexyl-5-chloro-l-naph- 
thalene sulphonamide (W7), vasopressin, glucagon, 
dibutyryladenosine-3’5’cyclic monophosphate, gly- 
cogen, glucose-l-phosphate and caffeine were 
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obtained from Sigma Chemical Co. (St Louis, MO). the cells were washed twice with the medium pre- 
Percoll and Affi-Gel polyacrylamide beads were sup- viously described, but supplemented with 1 mM 
plied, respectively, by Pharmacia (Uppsala, Sweden) MgS04, resuspended at 2 x lo6 cell/ml in the same 
and by Bio-Rad Laboratories (Richmond, CA). medium and finally exposed to Ccl,. 

All other reagents were of the highest purity grade 
and were purchased from Merck (Darmstadt, 
F.R.G.). 

Male Wistar rats (2~~g/body wt) were 
obtained from Nossan (Corenzana, Italy) and fed ad 
fib. with a semi-synthetic diet (Piccioni, Brescia, 
Italy). 

Isolated rat hepatocytes were prepared by col- 
lagenase perfusion and suspended in a medium which 
contained 1 inM CaClz [lo]. The hepatocyte sus- 
pensions (5 X lo6 cells/ml) were incubated up to 4 hr 
in 50-ml Erlenmeyer flasks fitted with a center well. 
Carbon tetrachloride was added to the center well 
and allowed to diffuse into the cell suspension. Car- 
bon tetrachloride concentrations were estimated by 
radioisotope dilution using [14C]CC14 as reported in 
w% 

For the estimation of Quin-2 fluorescence, 1 ml of 
the suspension wascentrifuged at 1000 rpm for 1 min, 
the cells resuspended in fresh medium and trans- 
ferred in a quartz cuvette where they were main- 
tained at 37” under continuous stirring. Calibrations 
and measurements of cytosolic calcium were 
performed using a Perkin-Elmer LS-5B spectro- 
photofluorometer as described by Cooper et al. [14] 
except that addition of digitonin (0.012 mg/ml) was 
used to determine the maximal fluorescence. 

Intracellular calcium pools were estimated by the 
arsenazo III assay following the addition of CCCP 
or A23187, as described by Bellomo et al. [12]. 
Briefly, aliquots of the cell suspension (2.4 x lo6 
cells) were quickly centrifuged through a layer of 
Percoll(l.06 final density) in order to remove dam- 
aged or dead cells and then resuspended in 2 ml of 
CaZ+-Mg2+-free Hanks buffer containing 0.04 mM 
arsenazo III. The changes in the absorbance of the 
arsenazo III-Ca2+ complex were continuously moni- 
tored at the wavelength pair of 645-685 nm in a 
Perkin-Elmer 557 spectrophotometer. The sequen- 
tial addition of 0.015mM CCCP and 0.01 mM 
A23187 led to the release of two distinct quantities 
of calcium which have been demonstrated to be, 
respectively, of mitochondrial and extramitochon- 
drial origin [ 121, 

Plasma membranes were prepared from isolated 
hepatocytes by using polyacrylamide beads accord- 
ing to Nicotera et al. [15]. Ca2+-ATPase activity 
in the membranes was assayed by the procedure 
reported by Lin and Fain [16], but using an incu- 
bation medium containing: 25 mM Tris-HCl buffer 
pH 7.5, 0.38mM ATP, 1 mM EGTA, 0.5 mM 
ouabain, 0.01 mM Ruthenium Red and with or with- 
out 0.87 mM CaC12. 

Cell damage was evaluated by the leakage of lac- 
tate dehydrogenase (LDH) into the incubation 
medium as previously reported [lo] and by the 
appearance of membrane blebs on the hepatocyte 
surface. 

The stimulation of lipid peroxidation was assessed 
by the production of malonildialdehyde (MDA) 
according to Poli et al. [lo]. 

RESULTS 

Phosphorylase a activity was estimated according 
to Hue et al. [13]. Briefly, 0.8 ml aliquots of hepa- 
tocyte suspension were layered on the top of 5 ml 
Percoll solution (1.06 final density) in Ca2+-free 
Hanks medium and centrifuged 1 min at 1000 rpm. 
The supematant was removed by aspiration and the 
cell pellet immediately frozen with liquid nitrogen. 
Cells were allowed to thaw for 5 min at 37” in the 
presence of 0.8 ml of a lysing buffer containing 
100 mM NaF, 20 mM EDTA, 0.5% (w/v) glycogen, 
50 mM glycylglycine (pH 7.4) and 0.5% Triton X- 
100. A portion (0.1 ml) of lysed hepatocytes was 
incubated for 30 min at 37” with an equal volume of 
a solution containing 100 mM glucose-l-phosphate, 
0.3 M NaF and 1 mM caffeine (pH 6.1). 

The estimation of Ca*+ releasable from the mito- 
chondrial or the extramit~hond~al comp~ments 
by the addition of, respectively, CCCP or A23187 
revealed that as early as 15 min from the intoxication 
of isolated hepatocytes with 0.172 mM Ccl4 there 
was an appreciable decrease in the calcium content 
of both these subcellular compartments (Fig. 1). 
Following 30min exposure to Ccl4 the loss of cal- 
cium from mitochondrial and microsomal pools 
accounted for about 75% and 50%) respectively (Fig. 
I)* 

The c~cium-mediated transition of glycogen 
phosphorylase from the inactive b form to the active 
a form and Quin-2 fluorescence have been used 
to monitor the changes in cytosolic free calcium 
concentration during CC& metabolism. 

The reaction was stopped by adding 4 ml ice-cold 
2.5% trichloroacetic acid and inorganic phosphate 
released from glucose-l-phosphate was measured 
after protein precipitation. 

As shown in Fig. 2, phosphorylase a activity in 
isolated hepatocytes was not increased following 15- 
60min incubation with CC& when calcium was 
released from the intracellular ~mpartments. On 
the contrary, the enzyme activity of CC14-treated 
cells was about 30% lower than that of the control 
hepatocytes (Fig. 2). 

Loading of hepatocytes with Quin-2 was obtained 
by incubating 3.5 X lo6 cells/ml in a medium con- 
taining 120 mM NaCl, 5.4mM KCl, 4.2 mM 
NaHC03, 1.3 mM CaC12 and supplemented with 
2% (w/v) bovine serum albumine, 15 mM glucose, 
20 mM HEPES, pH 7.4. Quin-2 tetracetoxy methyl 
ester, 0.05 mM final concentration, was added as a 
solution in dimethyl sulfoxide and the hepatocytes 
were incubated for 20min at 37”. After incubation 

This lack of activation of phosphorylase a was 
not due to an inhibition of the enzyme since in 
hepatocytes pretreated for 15 min with Ccl4 the 
activity of phosphorylase a was stimulated by the 
addition of butyryl-cAMP and giucagon or by 
increasing intracellular calcium with 0.05 mM 
A23187 (Fig. 3). 

Consistent with the effect on phosphorylase a, 
the incubation of Quin-2 loaded hepatocytes in the 
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Fig. 1. Content of calcium releasable from the mito- 
chondrial (panel A) and extramitochondrial (panel B) 
compartments of isolated he atocytes exposed to CC&. 
Liver cell suspensions (5 x 10 6p cells/ml) were incubated up 
to 120min with or without Ccl, and the Ca2+ content 
of both intracellular compartments was estimated by the 
arsenazo III method as described by Bellomo et al. [12]. 
The results are means of 3-4 different experiments f SD. 
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Fig. 2. Activity of phosphorylase a in isolated hepatocytes 
incubated with CCL. The activity of phosphorylase a was 
estimated according to Hue et al. [13] in the intact cells 
separated by centrifugation over a Percoll layer (d = 1.06). 
The arrow indicates the addition of EGTA to the cell 
suspension. The results are means of 3-5 different experi- 

ments 2 SD. 

presence of CC& for up to 60min did not show 
significant variations in the cytosolic levels of calcium 
(Fig. 4). Such an effect was not the result of an 
underestimation of the Ca2+ concentration due to a 
nonspecific interaction of CCL, with Quin-2, since the 
sensitivity of Quin-2 to calcium remained unchanged 
despite the presence of the haloalkane (not shown). 

- c? - 
Fig. 3. Effects of various treatments on phosphorylase a 
activity of isolated hepatocytes preincubated with CCL. 
Hepatocytes were pretreated 15 min with 0.172 mM CC& 
and subsequently incubated 10 min in the presence of: (a) 
no addition; (b) 0.05 mM A23187; (c) 50 nM glucagon; (d) 
0.1 mM dibutyryl-adenosine-3’5’cyclic monophosphate. 

The results are expressed as percent of the controls 
receiving CCL alone and are means of 3-4 different experi- 

ments f SD. 
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Fig. 4. Levels of cytosolic free calcium in isolated hepa- 
tocytes exposed to CCL. Isolated hepatocytes were loaded 
with Quin-2 as described in the Materials and Methods 
section, and then incubated in the presence of CC& with 
or without 2mM EGTA. The results are means of three 

different experiments f SD. 

The possibility that calcium released from the 
mitochondrial and extramitochondrial com- 
partments might be transported out of the cells, 
preventing the increase in the cytosolic levels, was 
investigated by measuring Ca2+-translocase activity 
in the plasma membranes of isolated hepatocytes. 

Table 1 shows that after 15 min of incubation with 
0.172 mM Ccl., the activity of high affinity Ca2+- 
ATPase was decreased by about 30%. Since the 
concentration of cytosolic free calcium remained 
unchanged despite the loss of mitochondrial and 
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Table 1. Activity of high affinity Ca2+-ATPase in plasma membranes prepared 
from isolated rat hepatocytes incubated with or without CCL 

Incubation time (min) 

5 15 60 

Control 0.36 * 0.05 0.34 2 0.04 0.38 z!z 0.02 
CCL 0.172 mM 0.39 f 0.08 0.24 2 0.06* 0.17 + 0.07t 

The results are expressed as micromoles of phosphate/hr/mg protein and rep- 
resent the mean of 3-4 different experiments f SD. Significance by the Student’s 
t-test: * P < 0.05; t P < 0.01. 

li4ia i7 .i5 .52 

CCI4(mMl 

Fig. 5. Effect of different concentrations of CC& on the 
cytosolic free calcium and on the phosphorylase a activity 
of isolated hepatocytes. Liver cells were incubated 30 min 
with increasing amounts of CC& added to the center well 
of the incubation flasks. The concentrations of CCL in 
the cell suspension were calculated by isotope dilution as 
reported in [lo]. Cytosolic levels of calcium were measured 
by Quin-2 fluorescence as described in the Materials and 
Methods section. 

The results are expressed as percent of the untreated 
controls and are the means of three experiments ? SD. 

extramitochondrial calcium pools, it is conceivable 
to argue that the observed inhibition of the plasma 
membrane Ca2+--ATPase was not high enough to 
significantly impair the active extrusion of the cal- 
cium released intracellularly. 

These results were apparently in contrast with the 
rise in cytosolic Ca2+ observed by Long and Moore 
in hepatocytes exposed to high concentrations of 
Ccl, [7,8]. However, when the action of Ccl4 on 
phosphorylase a activity and Quin-2 fluorescence 
were assayed in liver cells exposed to increasing 
amounts of the haloalkane we found that con- 
centrations of Ccl, above 0.172 mM were necessary 
to enhance cytosolic free calcium (Fig. 5). 

Furthermore, even with 0.172 mM Ccl4 the cyto- 
solic free Ca2+ levels began to rise after the second 
hour of treatment (Figs 2 and 4) reaching micromolar 
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Fig. 6. Leakage of LDH and plasma membrane blebbing 
in isolated hepatocytes incubated with CC& in the presence 
or in the absence of 1.2 mM EGTA. The calcium chelator 
was added (arrow) 30 min after the exposure to 0.172 mM 
CC& in order to not interfere with the metabolism of the 
haloalkane. The symbols represent: + control hepatocytes 
incubated without CC14; n cells receiving 0.172 mM Ccl,; 
A cells exposed to Ccl, and subsequently treated with 
1.2 mM EGTA. 

The results are the means of three different 
experiments * SD. 

concentrations. This increase was preceded by a 
more marked inhibition of plasma membrane Ca2+- 
ATPase (Table 1) and appeared to be entirely due 
to an influx of calcium from the extracellular com- 
partment since the chelation of calcium with EGTA 
completely prevented both the activation of 
phosphorylase II and the increase in Quin-2 fluor- 
escence (Figs 2 and 4). 

The changes in the intracellular distributions of 
calcium occurring immediately after the addition of 
CC14, were not accompanied by evident alterations 
of hepatocyte integrity, as evaluated by the leakage 
of lactate dehydrogenase (LDH) and by plasma 
membrane blebbing (Fig. 6). Signs of cell damage 
became evident only during the second hour of treat- 
ment (Fig. 6) and were associated with the elevation 
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Table 2. Effect of inhibitors of calcium-activated enzymes on the stimulation of lipid peroxidation and the 
hepatocyte damage induced by CCL 

Treatments 

None 
CCL 0.172 mM 
CCL 0.172 mM + chlorpromazine 0.05 mM 
CC& 0.172 + mepacrine 0.05 mM 
Ccl, 0.172 mM + leupeptin 0.1 mM 
CC& 0.172 mM + antipain 0.05 mM 
CC& 0.172 mM + W7 0.05 mM 

MDA production LDH Cell blebbing 
(nmol/106 cells) (% leakage) (%) 

0.34 f 0.13 7.2 5 2.2 4 
2.17 + 0.25 18.0 + 2.6 48 
1.03 f 0.45 18.3 2 3.1 40 
1.35 f 0.71 17.3 f 4.0 44 
2.04 2 0.24 18.7 ‘-t 2.6 46 
1.50 * 0.31 18.5 f 2.1 55 
2.68 + 0.36 23.0 2 3.6 60 

Isolated hepatocytes were incubated 4 hr with CCL and the inhibitors as described in the Materials and 
Methods section. Stimulation of lipid peroxidation was evaluated by the production of malonildialdehyde 
(MDA). LDH leakage is expressed as percent of the total enzyme content of hepatocytes assayed after 
cell lysis with 0.05% Triton X-100. Cell blebbing represents the percent of the hepatocytes showing plasma 
membrane blebs over the total number of hepatocytes excluding Trypan Blue (approximately 60-70% of 
all the hepatocytes). 

The hepatocytes incubated 4 h with the inhibitors alone did not show stimulation of lipid peroxidation 
and LDH leakage was about 69%. The values represent the mean of three different experiments f SD. 

of cytosolic free calcium. 
Blocking the rise of cytosolic calcium with EGTA 

protected the hepatocytes against the blebbing, but 
did not prevent the leakage of LDH induced by CC14 
(Fig. 6). On the other hand, the addition of 1.2 mM 
EGTA alone was not found to affect hepatocyte 
integrity. 

It has been suggested that high levels of cytosolic 
Ca*+ lead to cell damage by inducing the activation of 
phospholipase A2 [18] and of the cytosolic proteases 
[19]. In isolated hepatocytes exposed to CC&, how- 
ever, neither plasma membrane blebbing nor LDH 
leakage were prevented by the addition of inhibitors 
of phospholipase A2 such as chlorpromazine and 
mepacrine, as well as by the addition of leupeptin 
and antipain, two well-known inhibitors of non-lyso- 
somal proteases (Table 1). A similar lack of pro- 
tection was also observed using the calmodulin 
inhibitor N-6-aminohexyl-5chloro-I-naphthalene 
sulphonamide (W7). 

DISCUSSION 

Previous studies have demonstrated that the 
exposure of isolated rat hepatocytes to concen- 
trations of CC& ranging between 0.1 and 0.2mM 
reproduced in vitro many of the cellular alterations 
observed in the liver during the in vivo intoxication 
[9,10,20]. Among these effects, the incubation of 
hepatocytes with 0.172mM CC& causes a severe 
alteration of calcium homeostasis characterized by 
the depletion of both the mitochondrial and extra- 
mitochondrial Ca*+ pools. Several mechanisms are 
likely to be responsible for such damage. For 
instance, the inactivation of the Ca*+-ATPase in 
the endoplasmic reticulum is the main cause of the 
lowering of microsomal calcium content [l, 2,9], 
but, according to Benedetti and co-workers [21], 
the inhibition of glucose-6-phosphatase which also 
occurs during the early phases of Ccl4 intoxication 
[20] might contribute by affecting the retention of 
calcium by the endoplasmic reticulum. 

In a previous study we have reported that the loss 

of calcium from mitochondria is the result of the 
inhibition of the uniport uptake system [3]. It is 
possible that such an effect might be the consequence 
of a direct attack of free radical intermediates since 
we have observed that CC& is reductively activated 
to Ccl; by the mitochondrial respiratory chain [22]. 

The damage of the enzymatic systems transporting 
Ca*+ into the intracellular organelles is associated 
with a decrease of calcium-dependent ATPase func- 
tions in the plasma membrane. In the early phases 
of the intoxication, however, the inhibition of this 
latter enzyme does not appear to be as severe as that 
of calcium transport in both the microsomes and 
mitochondria. This chronological difference and the 
presence of ATP levels sufficient to support the 
function of plasma membrane Caz+-translocase [3] 
might explain the steady levels of cytosolic free cal- 
cium present during the release of Ca*+ from the 
intracellular organelles. 

We suggest that the increase in cytosolic calcium 
reported by Long and Moore [7,8] is a peculiar effect 
of the high concentrations of CC14 which can not 
be exclusively ascribed to the impairment of the 
microsomal stores. The stimulation of both Quin-2 
fluorescence and phosphorylase a activity were, in 
fact, evident within 1 min of haloalkane addition, 
well before the damages related to the metabolic 
activation of CC& could reasonably take place. 
Moreover, the concentrations of CCll sufficient to 
impair Ca*+ uptake by the endoplasmic reticulum 
[7,9] are much lower than those which were reported 
to rise cytosolic calcium. 

Hoek et al. [23] have recently demonstrated that 
ethanol and other organic solvents cause activation 
of phosphorylase a which peaks 20-30 set after 
addition of the solvent to isolated hepatocytes. Inosi- 
to1 1,4,5 triphosphate and cytosolic free Ca*+ 
increased concomitantly with the phosphorylase 
activity, indicating that ethanol was able to stimulate 
phosphoinositide-specific phospholipase C. Con- 
sistently, Snyder and Lamb [24] reported that 5 mM 
CC& activates phospholipase C by simple interaction 
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with liver plasma membranes suggesting that, simi- 
larly to ethanol, high concentrations of Ccl, might 
trigger the formation of diacylglycerol and phospho- 
inositols leading to a rapid rise in cytosolic free 
calcium and in phosphorylase a activation. 

According to this hypothesis, the source of Ca*+ 
mobilized by high concentrations of Ccl4 appears to 
be the endoplasmic reticulum. In fact, the pre- 
treatment of isolated hepatocytes with 0.172 mM 
CC& completely abolished the rapid increase in cyto- 
solic free Ca*+ and the phosphorylase activation 
induced by 0.5 mM CC& (not shown). 

Isolated hepatocytes exposed to 0.172 mM CC& 
presented an activation of phosphorylase a only in 
the late phases of the intoxication as a result of an 
influx of Ca*’ from the extracellular space. Tsokos- 
Kuhn and co-workers \25] have demonstrated that a 
marked increase in Ca + permeability takes place in 
the plasma membranes isolated from the livers of 
rats treated with CCL,. Nonetheless, experiments in 
our laboratory suggest that the progressive depletion 
of cellular ATP associated with the impairment of 
Ca*+ transport mechanisms are probably the main 
causes for the increase in the cytosolic Ca*+ [26]. 

The alterations in calcium compartmentation and 
the subsequent rise in cellular free Ca*+ are con- 
sidered to be critical events in the onset of irre- 
versible cell injury [19,27-291 by triggering the 
activation of calcium-dependent phospholipase A2, 
of non-lysosomal proteases as well as of calcium- 
dependent endonucleases [18,19,30]. This applies 
to several conditions including the oxidative stress 
induced by quinones, the cytotoxicity of cistamine 
and methylprednisolone-mediated tymocyte death 
[30-321. 

In isolated hepatocytes poisoned with CC14, how- 
ever, the alterations of calcium homeostasis occur- 
ring shortly after the addition of the toxic compound 
did not seem to affect cell integrity, and did not 
contribute to cause fat accumulation [6], which is the 
other toxic response of the liver to carbon tetra- 
chloride [lo, 20,331. Moreover, plasma membrane 
blebbing and LDH leakage occurring in the late 
phase of the .intoxication, although chronologically 
associated with calcium accumulation, were not pre- 
vented or delayed by inhibitors of phospholipase A2 
and of non-lysosomal proteases. 

Therefore, we postulated that the changes in cal- 
cium distribution induced by low concentrations of 
Ccl4 cannot be ascribed as the exclusive and the 
primary cause of hepatocyte death. It is possible, 
however, that substained levels of cytosolic Ca*+ 
might act as an additional mechanism which could 
contribute to the progression of cell injuries. 
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