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Cholesterol oxidation products (COP) have been reported to influence vital cellular processes such 
as cell growth, cell proliferation, membrane function and de novo sterol biosynthesis. The objectives 
of the present study were: (1) to develop an in vifro model using newborn rat kidney (NRK) cells to 
investigate the actions of COP; (2) to investigate the effect of COP on cell viability, endogenous 
antioxidant enzymes activities, i.e. superoxide dismutase (EC 1.15.1.1; SOD) and catalase (EC 
1.11.1.6; CAT), and the extent of lipid peroxidation in this model; (3) to determine whether the 
addition of 100-1000 m-a-tocopherol, p-carotene or butylated hydroxytoluene (BHT) could 
protect against COP-induced cytotoxicity. NRK cells were cultured in the presence of various 
concentrations (5-50 p ~ )  of cholesterol or cholestan-3~,Sa,6~-triol (cholestantriol) for a period of 
24 h. Cholesterol over the range 5-50 p~ did not induce cytotoxicity as indicated by the neutral-red- 
uptake assay or the lactate dehydrogenase (EC 1.1.1.27)-release assay. However, cell viability was 
compromised by the addition of > 10 pM-cholestantriol (P < 0.05). The addition of p-carotene (100- 
1000 n ~ )  did not increase cell viability significantly in cholestantriol-supplemented cells. However, 
the addition of a-tocopherol (1000 n ~ )  and BHT (lo00 n ~ )  significantly increased percentage cell 
viability above that of the cholestantriol-supplemented cells but not back to control levels. SOD and 
CAT activities in NRK cells significantly decreased (P < 0.05) following incubation with 
cholestantriol. The addition of > 750 m-a-tocopherol, p-carotene or BHT returned SOD and 
CAT activities to that of the control. Lipid peroxidation was significantly induced (P < 0.05) in the 
presence of cholestantriol. Supplementation of the cells with a-tocopherol (250,500 or 1000 nM) or 
BHT (750 or 1000 m) resulted in a reduction in the extent of lipid peroxidation (P < 0.05). The 
addition of p-carotene over the concentration range of 250-1000 n~ did not reduce lipid 
peroxidation significantly compared with cells exposed to cholestantriol alone. These findings 
suggest that addition of exogenous antioxidants may be beneficial in the prevention of COP-induced 
toxicity in vitro. 

Cholesterol: Cholestan-3p,5a,6/l-triol: Kidney: Antioxidants 

Cholesterol (cholestan-5-en-3P-01) is an unsaturated lipid which is ubiquitously found in 
mammalian tissues. The presence of unsaturated bonds in the cholesterol molecule readily 
allows it to undergo autoxidation by diverse oxygen species, yielding cholesterol oxidation 
products (COP). The non-enzymic oxidation of cholesterol can be instigated by ground- 
state dioxygen, or reactive oxygen species such as superoxide, Hz02 and hydroxyl radical 
(Smith, 1981; Gumulka et al. 1982; Kumar & Singhal, 1991). The free-radical-mediated 
reactions produce COP via two distinct processes either by the formation of sterol hy- 
droperoxides in the P-ring or on the side chain, or by the dehydrogenation of the 3P-alcohol 
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group (Smith, 198 1 ; Schroepfer, 1982). The previously mentioned reactive oxygen species 
can stimulate lipid peroxidation resulting in damage to cellular components. However, 
antioxidants delay significantly or prevent formation of reactive oxygen species. Anti- 
oxidants include the naturally-occurring compounds a-tocopherol and p-carotene, and the 
synthetic compound butylated hydroxytoluene (BHT). a-Tocopherol is a major chain- 
breaking antioxidant (Riemersma et al. 1990) and an effective scavenger of lipid radicals 
(McCay, 1985). p-Carotene functions as an antioxidant by trapping the chain-propagating 
peroxy radicals (Burton & Ingold, 1984). BHT, a monohydric phenolic antioxidant, is 
particularly effective in suppressing oxidation of animal fats (Shahidi & Wanasundara, 
1992). In addition, endogenous antioxidant enzymes are present in cells. These enzymes 
include superoxide dismutase (EC 1.15.1.1 ; SOD) and catalase (EC 1.1 1.1.6; CAT) which 
catalyse the decomposition of superoxide radicals and H202 respectively. 

COP have been reported as having many biological activities including cytotoxicity 
(Smith, 1981; Parish et al. 1986; Peng et al. 1991, 1992). However, cholesterol has been 
reported to show no toxic effects in vitro or in vivo (Peng et al. 1979). At cellular level, 
COP are reported to influence such vital functions as cell growth and proliferation (Smith 
& Johnson, 1989). Guardiola et al. (1996) have attributed the ability of COP to alter cell 
function to two main factors: first, their ability to inhibit 3-hydroxy-3-methylglutaryl-CoA 
reductase (EC 1 .l.  1.34) activity, resulting in a reduction in endogenous cholesterol 
synthesis; and second, the capability of COP to replace cholesterol molecules in 
membranes, thereby perturbating membrane properties. In vivo, COP toxicities are 
associated with carcinogenicity, mutagenicity, atherogenicity and other physiological 
changes including organ atrophy (Smith & Johnson, 1989; Kumar & Singhal, 199 1 ; Peng et 
al. 1992). However, there is increasing evidence that certain antioxidants reduce the level 
of COP in vivo (Carew et al. 1987; Bjorkhem et al. 1991; Hodis et al. 1992) and 
consequently are potentially anti-atherogenic. These findings suggest that an increased 
antioxidant consumption may be beneficial in the prevention of COP-induced toxicities in 
vivo. 

COP may be present in various foodstuffs of animal origin as only these contain 
appreciable amounts of cholesterol (Homberg & Bielefeld, 1985; Pie et al. 1991). COP are 
found at low levels, of the order of mg/kg to pg/kg, in cholesterol-rich processed foods 
(Park & Addis, 1987; Sarantinos et al. 1993). COP are also found at similar levels in 
freshly-drawn blood (Smith & Johnson, 1989), therefore the ingestion of dietary COP, even 
at low levels, may pose an avoidable toxic burden to human health. The objectives of the 
present study were, in the first instance, to develop an in vitro cell model system for the 
investigation of COP; second, to establish the effect of COP on endogenous antioxidant 
enzyme activities; and finally to evaluate whether the addition of exogenous antioxidants 
(natural or synthetic) would protect against COP-induced toxicities, including the 
modulation of endogenous antioxidant enzyme activities. 

MATERIALS AND METHODS 

Materials 

Tissue culture materials, including Dulbecco’s Modified Eagle’s Medium (with 25 m ~ -  
HEPES, 4.5 g glucose/l and without sodium pyruvate), gentamycin (10 mg/ml), newborn 
calf serum, penicillin and streptomycin (500 IU/ml and 500 mg/ml respectively) and 
trypsin (EC 3.4.21.4; 2.5 g/l), were purchased from Gibco BRL, Life Technologies 
(Paisley, Strathclyde). DL-a-Tocopherol, CAT (from bovine liver), cholesterol, cholestan- 
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3~,5a,6~-triol(cholestantriol), cytochrome C (type 111, from horse heart), neutral red 
(practical grade), p-NADPH (type I), /?-NADH (grade 111, from yeast), pyruvic acid (type 
II), and SOD (from bovine liver) were all purchased from Sigma Chemical Co. (Poole, 
Dorset). FeS04.7H20, H202 of low mineral content, tetrahydrafuran (THF), thiobarbituric 
acid and TCA were purchased from BDH (Poole, Dorset). Bio-Rad dye reagent concentrate 
was purchased from Bio-Rad (Munich, Germany). Titanium oxysulfate was purchased 
from Riedel-de-Haen (Seelze, Germany). p-Carotene (99-1 00 % pure) was obtained from 
F. Hoffmann-La Roche, Basel, Switzerland. All reagents were reagent grade, unless 
otherwise stated. 

Newborn rat kidney (NRK) cells 

NRK cells were purchased from the European Collection of Animal Cell Cultures 
(Salisbury, Wilts.) at passage number 2. The cells were cultured in a humidified incubator 
(Forma Scientific, Marietta, OH, USA) in an atmosphere of C02-air (5 : 95, v/v; O2 partial 
pressure of 150 torr) at 37" in Dulbecco's Modified Eagle's Medium supplemented with 
penicillin and streptomycin (15 rd/l), gentamycin (20 ml/l) and newborn calf serum (50 
ml/l). When the cells reached 80-90% confluency, they were collected by trypsin 
treatment, followed by centrifugation (2000 g for 10min) and resuspended in supplemented 
growth medium. Plastic petri dishes (100 mm diameter) were seeded with 2 x lo6 cells in 
9 ml culture medium per dish. After 3 4  d of culture, the culture medium was removed and 
replaced by the same volume of medium with or without cholesterol or cholestantriol in the 
presence or absence of the various antioxidants. 

Incubation with test compounds, neutral-red-uptake assay and lactate dehydrogenase 
(EC 1.1.1.27; LDH)-release assay 

A stock solution of cholesterol or cholestantriol was prepared in THF and vortexed for 30s. 
The final concentration of THF in the culture medium was < 5  ml/l. A control group 
containing similar amounts of THF was included in the experiments. This concentration of 
THF was found not to alter significantly the cell viability, endogenous antioxidant enzyme 
activities or the extent of lipid peroxidation (data not shown). p-Carotene was obtained 
from F. Hoffmann-La Roche in sealed ampoules under N2 and stored at -70". Before use, 
the purity of p-carotene was determined by HPLC analysis and was found to be > 99%. A 
stock solution of p-carotene was prepared in absolute alcohol in a light-proofed vessel and 
vortexed for 30 min. The concentration of the prepared solution was measured 
spectrophotometrically at 452 nm before further dilution (mmolar extinction 
coefficient = 14043; De Ritter & Purcell, 1981). p-Carotene was then added at the desired 
concentrations to the culture medium. a-Tocopherol was dissolved in absolute alcohol and 
the absorbance of this solution was measured spectrophotometrically at 292 nm before 
further dilution (mmolar extinction coefficient 3.27; Bieri et al. 1979). BHT was dissolved 
in absolute alcohol to a concentration of l m  before further dilution. The final 
concentration of absolute alcohol in the culture medium was < 1%. A control group 
containing absolute alcohol was included and no differences were seen between the 
absolute alcohol control and a control without absolute alcohol: In all experiments, the 
incubation period with cholesterol or cholestantriol in the presence or absence of the 
various antioxidants was 24 h at 37". Neutral-red-uptake assay was performed as an index 
of cell injury by the method of Hunter et al. (1987). Cytotoxicity, as determined by the 
neutral-red-uptake assay, was expressed as a percentage of cell viability relative to that of 
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non-supplemented cells. LDH release was determined as an alternative index of cell 
viability by the method of Vassault (1983). LDH release was expressed as a percentage of 
the total LDH released from cells treated with Triton X-100 (100 ml/l). 

Cell sonicates, superoxide dismutase and catalase assays 

The cell sonicates were obtained for enzyme analysis by rapidly aspirating the incubation 
medium followed by the addition of 0.5 ml of the appropriate buffer at 0" to the cells. The 
cells were removed from the culture dishes by scraping and then placed on ice. The cells 
were disrupted by pulse sonication using a MSE Soniprep (Model 150; MSE Scientific, 
Manor Royal, Crawley, Sussex) at 13 amp/s. All sonications were performed for 20 s with 
cells at 4". The cell sonicates were centrifuged for 10 min at 100000 g (Beckman XL-90 
centrifuge, Ti90 rotor head; Beckman, Palo Alto, CA, USA) at 4". CAT activity in the cell 
sonicates was determined on the same day as harvesting, using the method of Baudhuin et 
al. (1964). The sonicates for determination of SOD activity were stored at -80". Total 
SOD activity in the NRK cells was determined by the method of McCord & Fridovich 
(1969). All enzyme activities were expressed as units of enzyme activity/mg protein. The 
enzyme assays are used routinely in our laboratory and typically have a CV of less than 
5%. Details of the enzymic assays used have been described previously (Lawlor & 
O'Brien, 1994). 

Thiobarbituric acid-reactive substances (TBARS) assay and protein assay 

TBARS were measured as an index of lipid peroxidation by a modification of the method 
of Kornburst & Mavis (1980). Cells were cultured in petri dishes (100 mm) with the culture 
medium containing cholesterol or cholestantriol in the presence or absence of the various 
antioxidants for 24 h at 37". Following the period of exposure and the removal of the 
culture media, the cells were scraped into a solution of KCl (1 1.5 g/l). The cells were then 
pulse-sonicated as outlined previously. Lipid peroxidation was induced in the samples by 
the addition of FeS04 (5 m) and ascorbic acid (2 m) in a 80 m~ Tris maleate buffer (pH 
7.4). A solution of thiobarbituric acid (3.75 g/l), TCA (150 g/l) and HC1 (250 m) was 
added to the samples followed by vortexing and boiling for a period of 15 min. Lipid 
peroxides react with this solution resulting in the production of a pink fluorochrome 
(malondialdehyde; MDA) which is measured spectrophotometrically. Following cooling 
and centrifugation, the supernatant fraction was removed and the absorbance of the sample 
determined at 535 nm. The MDA concentrations of the samples were calculated using an 
extinction coefficient of 1.56 x 105/mol per cm (Beuge & Aust, 1978). TBARS are 
expressed as nmol MDA/mg protein. Total protein was determined in the various sonicates 
using the Bio-Rad Microassay (Bradford, 1976), using bovine serum albumin as a standard. 

Statistical analysis 

Results are presented as mean values with their standard errors of the means. Data were 
analysed by one-way ANOVA followed by least significant difference (LSD). The level of 
statistical significance was taken as P < 0.05. 
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RESULTS 

ESfect of cholestan-3P,5a,6p-triol on cell viability, endogenous antioxidant enzyme 
activities and lipid peroxidation 

NRK cells were incubated with 5-50 pM-cholesterol or cholestantriol for 24 h to determine 
the effects on cell viability, antioxidant enzyme activities (SOD and CAT) and lipid 
peroxidation. Cholesterol over this concentration range was not cytotoxic to the cells (Fig. 
1) as determined by the neutral-red-uptake assay. The addition of low concentrations of 
cholestantriol ( <  10 p ~ ) ,  also, did not influence cell viability. Supplementation with 
concentrations of 15 pM-cholestantriol, or higher, significantly reduced cell viability 
relative to that of non-supplemented cells ( P  < 0-05; Fig. 1). At 50 pM-cholestantriol, the 
percentage cell viability was as low as 4.6. 

LDH release was measured as an alternative index of cytotoxicity. Supplementation of 
cells with cholesterol (5-50 p ~ )  did not influence cell viability, as measured by this assay 
(results not shown). Three concentrations of cholestantriol, i.e. 5, 12 and 15 p~ were tested 
(Fig. 2). These concentrations corresponded to approximately 100, 75 and 50% cell 
viability, as determined from the neutral-red-uptake assay (Fig. 1). The addition of 12 or 15 
pM-cholestantnol induced a significant release of LDH (5.81 (SE 0.83) and 8-68 (SE 0.01) 
respectively; P < 0-05; Fig. 2) relative to the control untreated cells. A concentration of 15 
pM-cholestantriol which induced a significant level of cytotoxicity in this cell-line was 
selected for use in all subsequent experiments. 

NRK cells were incubated in the presence of various concentrations (100-1000 nM) of 
a-tocopherol, p-carotene or BHT for a period of 24 h (Table 1). Following incubation, the 
effect of these compounds on percentage cell viability was assessed using the neutral-red- 

Concentration (PM) 

Fig. 1.  Effect of cholesterol and cholestan-3j3,5cl,6j3-triol on the percentage cell viability of newborn rat kidney (NRK) 
cells. NRK cells were incubated with cholesterol (El) or cholestan-3j3,5a,6j3-triol (e) (5-50 pM). Percentage cell 
viability was determined using the neutral-red-uptake assay. Results are expressed as the percentage cell viability 
relative to that of cells incubated without cholesterol or cholestan-3j3,5a,6~-triol. Values are means with their standard 
errors represented by vertical bars for six culture dishes incubated simultaneously. 
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0 5 12 1 5  

Cholestantriol (FM) 

Fig. 2. Effect of cholestan-3/?,5a,6/?-triol on the lactate dehydrogenase (EC 1.1.1.27; LDH) release (total % release) 
in newborn rat kidney (NRK) cells. NRK cells were incubated with or without cholestan-3/?,5cc,6/?-triol (5-15pm) for 
24 h. LDH in the medium was measured and expressed as a percentage of total LDH released from NRK treated with 
Triton X (100 ml/l). Values are means with their standard errors represented by vertical bars for six culture dishes 
incubated simultaneously. Mean values were significantly different from those for NRK cells with no cholestan- 
3/?,5~,6/?-triol (ANOVA, LSD): * P  < 0.05. 

Table 1. The effect of a-tocopherol, p-carotene and butylated hydroxytoluene (BHT) on 
percentage cell viability* in newborn rat kidney cells? 

(Mean values with their standard errors for six culture dishes incubated simultaneously) 

cc-Tocopherol /?-Carotene BHT 
(% cell viability) (% cell viability) (% cell viability) 

Concentration 
(W Mean SE Mean SE Mean SE 

100.0 3.2 100.0 3.2 100.0 3.2 
100 96.1 2.7 96.2 2.0 100.8 6.2 
250 110.2 4.4 101.7 2.1 116.9 4.2 
500 104.2 4.8 106.8 1.6 103.6 5.0 
750 96.8 7.5 99.1 6.4 94.3 6.3 

loo0 98.9 4.6 99.8 6.2 94.3 0.7 

03 

LSD ( P  < 0.05)s NS NS NS 

LSD, least significant difference. 
* Percentage cell viability was determined using the neutral-red-uptake assay. Results are expressed as the percentage 

t For details of procedures, see pp. 480-482. 
$ Control cells containing no cc-tocopherol, /?-carotene or BHT. 

cell viability relative to that of cells incubated without cc-tocopherol, /?-carotene or BHT. 

Statistical analysis of data was done by one-way ANOVA, followed by LSD. 
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Table 2. The effect of a-tocopherol, 8-carotene and butylated hydroxytoluene (BHT) on 
percentage cell viability1 in cholestan-3~,5a,6~-triol (cholestantrio1)-supplemented newborn 

rat kidney cells5 
(Mean values with their standard errors for six culture dishes incubated simultaneously) 

a-Tocopherol 8-Carotene BHT 
(% cell viability) (% cell viability) (% cell viability) 

Cholestantriol Concentration 
(W) (nM) Mean SE Mean SE Mean SE 

0 0 II 100.0 3.2 100.0 3.2 100.0 3.2 
15 0 43.6* 1 . 1  43.6* 1 . 1  43.6* 1 . 1  
15 1000 47.2*t 0.7 43.1* 1.3 47,6*t 0.8 
LSD (P < 0.05)q 3.1 NS 3.2 

LSD, least significant difference. 
* Mean values were significantly different from those for the control (P < 0.05). 
t Mean values were significantly different from those for cholestantriol-supplemented cells (P < 0.05). 

Percentage cell viability was determined using the neutral-red-uptake assay. Results are expressed as the percentage 
cell viability relative to that of cells incubated without a-tocopherol, p-carotene or BHT. 

5 For details of procedures, see pp. 480-482. 
11 Control cells containing no cholestantriol, a-tocopherol, 8-carotene or BHT. 
7 Statistical analysis of data was done by one-way ANOVA, followed by LSD. 

uptake assay. Over these concentration ranges, none of the antioxidants were found to be 
cytotoxic (Table 1). 

The potential protective effect of a-tocopherol, p-carotene or BHT against 
cholestantriol (15 pM)-induced cytotoxicity was also investigated (Table 2). p-Carotene 
(1 000 nM) failed to have any effect on the viability (as measured by the neutral-red-uptake 
assay) of the cholestantriol-supplemented cells. However, 1000 nM-a-tocopherol or -BHT 
significantly increased cell viability above that of the cholestantriol-supplemented cells but 
not back to control levels (Table 2). 

NRK cells were incubated with 15 pM-cholesterol or cholestantriol for 24 h to 
determine effects on antioxidant enzymes SOD and CAT and lipid peroxidation. The 
results indicated that following exposure to cholesterol, SOD and CAT activities were 
not affected (results not shown). However, cholestantriol significantly decreased SOD 
activity (P<O.O5) relative to that of the control (Tables 3,  4 and 5). Similarly, CAT 
activity in cells exposed to cholestantriol was significantly ( P  < 0-05) lower than that of 
cells cultured in the absence of cholestantriol (Tables 3 ,  4 and 5). Supplementation with 
cholesterol (5-50 p ~ )  did not result in any significant changes in the extent of lipid 
peroxidation compared with that of non-supplemented cells (results not shown). However, 
the presence of 15 pM-cholestantriol in the incubation media significantly (P < 0.05) 
increased lipid peroxidation relative to that of the control, as measured by the TBARS 
assay (Tables 3, 4 and 5). 

Effect of BHT, a-tocopherol and p-carotene on cholestan-3~,5a,6~-triol-induced 
modulation of antioxidant enzymes and lipid peroxidation 

The potential of various antioxidants to protect against cholestantriol-induced modulation 
of antioxidant enzymes was also investigated. NRK cells were incubated with 15 p ~ -  
cholestantriol in the presence or absence of increasing concentrations of BHT, a-tocopherol 
or 8-carotene (250-1000 nM) for 24 h. The cholestantriol-induced reduction in SOD 
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Table 3. The effect of butylated hydroxytoluene (BHT) on cholestan-3~,5a,6~-triol (cholestan- 
trio1)-induced modulation of the antioxidant enzymes superoxide dismutase (EC I .  15.1.1; SOD) 
and catalase (EC 1.11.1.6; CAT) (unitstlmg protein) and lipid peroxidation in newborn rat 

kidney cells$ 
(Mean values with their standard errors for six culture dishes incubated simultaneously) 

SOD CAT TBARS 
(Units/mg protein) (Units/mg protein) (nmol MDA/mg protein) 

Cholestantriol 
(PM) BHT (nM) Mean SE Mean SE Mean SE 

0 O§ 5.69 0.54 11.23 0.36 1.24 0.13 
15 0 1 .go* 0.03 3.80* 1.44 3.75* 0.39 
15 250 3.10* 0.19 6.39* 1.68 4.40* 0.20 
15 500 5.34 0.69 7.03* 0.74 3.38* 1.07 
15 750 5.25 0.68 8.36 0.01 1.41 0.21 
15 1000 4.94 0.52 6.68 0.11 2.19 0.22 
LSD /I 2.47 3.55 1.66 

TBARS, thiobarbituric acid-reactive substances; MDA, malondialdehyde; LSD, least significant difference. 
* Mean values were significantly different from those for the control ( P  < 0.05). 
t For SOD activity, one unit is defined as the amount of SOD required to inhibit the maximum rate of cytochrome C 

$ For details of procedures, see pp. 480-482. 
5 Control cells containing no cholestantriol or BHT. 
I( Statistical analysis of difference from control values was done by one-way ANOVA, followed by LSD. 

reduction by 50%. For CAT activity, one unit is defined as 1 pmol HzOZ removed per min. 

Table 4. The effect of a-tocopherol on cholestan-3~,5cr,6~-triol (cholestantrio1)-induced 
modulation of the antioxidant enzymes superoxide dismutase (EC I .  15. I .  1; SOD) and catalase 
(EC 1.11.1.6; CAT) (unitstlmg protein) and lipid peroxidation9 in newborn rat kidney cells$ 

(Mean values with their standard errors for six culture dishes incubated simultaneously) 

SOD CAT TBARS 
(Units/mg protein) (Units/mg protein) (nmol MDA/mg protein) 

Cholestantriol a-Tocopherol 
(PM) Mean SE Mean SE Mean SE 

0 08 5.69 0.54 11.23 0.36 1.24 0.13 
15 0 1.80* 0.03 3.80* 1.44 3.75* 0.39 
15 250 3.55* 0.69 6.12* 1.07 2.30 0.7 1 
15 500 3.63* 0.3 1 9.07 1.23 2.04 0.20 
15 750 4.80 0.82 8.47 0.4 1 2.62* 0.06 
15 lo00 2.99 0.52 8.21 0.32 2.10 0.22 
LSD 11 1.72 3.78 1.12 

TBARS, thiobarbituric acid-reactive substances; MDA, malondialdehyde; LSD, least significant difference. 
* Mean values were significantly different from those for the control ( P  < 0.05). 
t For SOD activity, one unit is defined as the amount of SOD required to inhibit the maximum rate of cytochrome C 

$ For details of procedures, see pp. 48-82, 
8 Control cells containing no cholestantriol or a-tocopherol. 
/I Statistical analysis of data was done by one-way ANOVA, followed by LSD. 

reduction by 50%. For CAT activity, one unit is defined as 1 pmol H202 removed per min. 

activity was partially restored by the addition of 250 nM-BHT (Table 3). At levels of 500, 
750 and 1000 nM-BHT, SOD activity was not significantly different ( P  < 0-05) from the 
control value. BHT (250-1000 nM) also partially restored the COP-induced reduction in 
CAT activity. However, only at 750 nM-BHT, was CAT activity not significantly different 
from that of the control. Addition of cholestantriol to the cells induced an increase in 
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Table 5. The efSect of /?-carotene on cholestan-3/?,5a,6/?-triol (cholestantrio1)-induced 
modulation of the antioxidant enzyme superoxide dismutase (EC 1.15.1.1; SOD) and catalase 
(EC 1.11.1.6; CAT) (units t l m g  protein) and lipid peroxidation in newborn rat kidney cells8 

(Mean values with their standard errors for six culture dishes incubated simultaneously) 

SOD CAT TBARS 
(Units/mg protein) (Units/mg protein) (nmol MDA/mg protein) 

Cholestantriol p-Carotene 
(PM) (nM) Mean SE Mean SE Mean SE 

0 OP 5.69 0.54 11.23 0.36 1.24 0.13 
15 0 1 .SO* 0.03 3.80* 1.44 3.75* 0.39 
15 250 3.09* 0.19 5.17* 0.79 4.96* 1.12 
15 500 5.34 0.69 5.67* 0.59 4.23* 0.26 
15 750 5.25 0.68 7.46* 0.21 4.57* 0.47 
15 1000 4.94 0.52 10.35 1.17 3.25* 0.16 
LSD I1 2.19 2.58 1.27 

TBARS, thiobarbituric acid-reactive substances; MDA, malonyldialdehyde; LSD, least significant difference. 
* Mean values were significantly different from those for the control. 
t For SOD activity, one unit is defined as the amount of SOD required to inhibit the maximum rate of cytochrome C 

$ For details of procedures, see pp. 480-482. 
5 Control cells containing no cholestantriol or /?-carotene. 
11 Statistical analysis of data was done by one-way ANOVA, followed by LSD. 

reduction by 50%. For CAT activity, one unit is defined as 1 pmol H202 removed per min. 

TBARS (P<O.O5). The inclusion of 750 and 1000 nM-BHT resulted in a significant 
( P  < 0-05) reduction in the extent of lipid peroxidation, returning TBARS levels to those of 
control cells. 

Addition of 250-1000 nM-a-tocopherol restored the cholestantriol-induced reduction 
in SOD activity (Table 4). However, only the inclusion of 750 nM-a-tocopherol resulted in 
a level of SOD activity which was not significantly different ( P  < 0.05) from that of the 
control cells. Addition of the higher levels of a-tocopherol tested (500, 750 and 1000 nM) 
prevented the significant ( P  < 0.05) cholestantriol-induced reduction in CAT activity. The 
inclusion of a-tocopherol (250, 500 and 1000 nM) also led to a significant reduction 
(P  < 0.05) in the extent of lipid peroxidation. 

/?-Carotene, at levels of 500, 750 or 1000 nM, prevented the cholestantriol-induced 
reduction in SOD activity. The enzyme activity at these concentrations of /?-carotene was 
not significantly different from that of the control cells (Table 5). /?-Carotene 
supplementation also restored the cholestantriol-induced reduction in CAT activity of 
the cells, but this was only significant ( P  < 0.05) at 1000 nM-/?-CarOtene. The addition of /?- 
carotene over the concentration range 250-1000 nM did not influence significantly the 
extent of lipid peroxidation compared with cells exposed to cholestantriol alone. 

DISCUSSION 

The presence and accumulation of COP in mammalian tissues has been well documented 
(Smith & Johnson, 1989; Kucuk et al. 1992). COP toxicities have been implicated in the 
aetiologies of certain chronic human diseases, for example atherosclerosis and cancer 
(Cook & McDougall, 1967; Morin et al. 1992). COP have been reported as having a variety 
of biological activities, including altering cell growth, cell proliferation, the rate of DNA 
synthesis and cytotoxicity (Kandutsch & Chen, 1977; Smith & Johnson, 1989; Peng et al. 
1992). The cytotoxic effects of COP in vitro appear to vary depending on the cell-line 
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under investigation, the composition of the incubation medium, the dose and solubility of 
the compound to be tested and the duration of exposure time (Peng et al. 1992). There are 
obvious difficulties in extrapolating results obtained in vitro to the situation in vivo, but the 
effects of COP have been demonstrated consistently in a wide variety of model systems. 
For example, cholestantriol has been shown to be cytotoxic in Chinese hamster ovary 
(CHO) cells, Syrian hamster embryo cells, porcine vascular smooth muscle cells and 
Chinese hamster V79 lung fibroblasts (Chan & Chan, 1980; Kelsey & Pienta, 1981; 
Baranowski et al. 1982; Sevanian & Peterson, 1986). In addition, cytotoxic and 
atherogenic effects of cholestantriol have been observed in vivo in squirrel monkeys 
(Sairniri sciureus), New Zealand White rabbits and Wistar rats (Taylor et al. 1983; Peng et 
al. 1985; Matthias et al. 1987). Such examples illustrate clearly the benefits of objective 
interpretation of model systems on specific issues in human health. Mortality induced by 
atherosclerosis has been reported to be higher among the Indian community in London 
compared with the rest of the population (Jacobson, 1987). A suggested risk factor in the 
Indian community was the consumption of clarified butter (ghee) which contains 
significant amounts of COP (Prasad & Subramanian, 1992). Hodis et al. (1992) 
demonstrated that the antioxidant probucol (4,4’-(isopropylenedithio)bis(2,6,-di,butyl- 
phenol)) was capable of reducing the concentration of COP in the plasma and aortic wall of 
cholesterol-fed rabbits with hypercholesterolaemia. Dietary antioxidants, therefore, may 
exert a modulatory role on COP-induced toxicity in vivo. In the present study, the NRK 
cell-line was used as an in vitro model to investigate COP-induced toxicity and its 
modulation by antioxidants. 

The concentrations 5-50 pM-cholesterol and -cholestantriol were chosen as these 
ranges have been used previously in in vitro studies investigating the cytotoxicity of 
cholesterol and COP and their effect on cell membrane function (Sevanian & Peterson, 
1984; Hennig & Boissonneault, 1987; Boissonneault et al. 1991). Cholestantriol was 
demonstrated, using the neutral-red-uptake assay, to be toxic to NRK cells over 
the concentration range 10-50 p~ in a dose-dependent manner. LDH release was 
also used as a determinant of cell injury. A marked release of intracellular LDH into 
the culture media was observed after 24 h exposure to cholestantriol ( >  10 pM); this 
release is indicative of membrane damage. In addition, cholesterol over the 
same concentration range (5-50 pM) was not cytotoxic to this cell-line. This supports 
the findings of Peng et al. (1979) who reported that cholesterol appeared to show no 
toxic effects in vitro. Guardiola et al. (1996) reported that COP can be incorporated 
into membranes, substituting for cholesterol, and as a result can affect membrane 
stability. The mechanism of toxicity of cholestantriol, therefore, may be partly due to 
its direct incorporation into the cell membrane and the reduction in the cholesterol content. 

Three antioxidants were selected, the naturally-occurring a-tocopherol and 
p-carotene and the synthetic antioxidant BHT. a-Tocopherol was chosen as it is 
the principal lipophilic antioxidant in cell membranes (Burton et al. 1983; Machlin 
& Bendich, 1987; Packer, 1991). This compound acts by suppressing free-radical- 
initiated oxidation and is an efficient quencher of singlet oxygen (Bradley & Min, 1992). 
p-Carotene was selected as it is the most abundant carotenoid in nature (Bonorden 
& Pariza, 1994). It acts as a multifunctional lipid-soluble antioxidant capable of 
physically quenching singlet oxygen and inhibiting free-radical chain reactions (Foote 
& Denny, 1968). BHT is a synthetic phenolic compound used by the food industry as 
an additive and in packaging materials and as such is found in human diets. This 
compound can act as either a chain-breakmg antioxidant or as a quencher of singlet 
oxygen (Bonorden & Pariza, 1994). It was selected for the present study to compare 
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the effectiveness of naturally-occurring and synthetic antioxidants. Concentrations 
of 1000 nM-a-tocopherol and -p-carotene were chosen as these had previously 
been demonstrated to protect endogenous antioxidant enzymes against oxidative stress in 
vitro (Lawlor & O’Brien, 1994, 1995). A similar concentration (1000 nM) of BHT was 
used to standardize the level of antioxidant under investigation. The addition of 
p-carotene at 1000 nM failed to significantly increase the viability of the NRK cells 
cultured in the presence of cholestantriol-supplemented media. Supplementation of 
the media with 1000 nM-a-tocopherol or BHT increased the percentage cell viability 
of cholestantriol-exposed cells by 3.6 and 4 % respectively. Although this increase 
was significant, it did not return percentage cell viability to the level of the control. Zhou 
et al. (1995) also demonstrated that a-tocopherol could not maintain cell viability at 
control levels following supplementation with cholestantriol. In addition, Zhou et al. 
(1995) observed that BHT did not reduce cell death induced by 26-hydroxycholesterol. 

Exposure of NRK cells to cholestantriol ( 1 5 ~ ~ )  resulted in an impairment of 
the enzymic antioxidant systems (SOD and CAT). Mantha et al. (1993) demonstrated 
a reduction in the SOD activities in vivo following administration of a hyperchol- 
esterolaemic diet to rabbits. A reduction in SOD activity may result in a 
flux of superoxide anion, which has the potential to inhibit the actions of catalase (Kono 
& Fridovich, 1982). Cholestantriol supplementation also leads to an increase in 
lipid peroxidation in the NRK cells. This increase may in part be due to the reduction 
in SOD and CAT activities which may lead to a potentiation of the lipid 
peroxidation reactions (Punnonen et al. 199 1). Decreases in endogenous anti- 
oxidant systems and a concomitant increase in lipid peroxidation have also been reported 
following exposure to U.V. irradiation (Maeda et al. 1991; Morliere et al. 1991; Punnonen 
et al. 1991). 

Addition of higher levels ( > 750 nM) of a-tocopherol, p-carotene or BHT to the 
cholestantriol-supplemented cells prevented a decrease in SOD and CAT activities. All 
three compounds behaved similarly in this regard (Tables 3, 4 and 5), although their 
mechanism of protection may be different. Further studies are required to investigate 
whether the antioxidants have different mechanisms of action. The presence of a- 
tocopherol and BHT also resulted in a reduction in the extent of lipid peroxidation (Tables 
3 and 4). However, p-carotene did not significantly protect against the triol-induced 
increase in lipid peroxidation (Table 5). Inhibitory effects of a-tocopherol and BHT on 
lipid peroxidation have been well documented in the literature (Pelle et al. 1989; Shahidi & 
Wanasundara, 1992; Princen et al. 1995; Viana et al. 1996). Our results suggest that p- 
carotene is not as effective as a-tocopherol or BHT in protecting cells against COP-induced 
increases in lipid peroxidation. These results support the findings of Princen et al. (1992), 
Reaven et al. (1994) and Shaish et al. (1995), who found that p-carotene failed to protect 
against lipid peroxidation. However, at higher O2 partial pressures such as that of 
atmospheric air, p-carotene has a depleted antioxidant capacity (Lawlor & O’Brien, 1997). 
Thus further work is required to determine whether p-carotene at the lower partial 
pressures experienced in vivo may be more effective in protecting the cells against these 
COP-induced increases in lipid peroxidation. 

In conclusion, our findings indicate that the NRK cell-line is a useful model in which 
to study the modulatory effects of antioxidants on COP-induced toxicity in vitro. 

This work was part-funded by the Department of Agriculture, Food and Forestry, Dublin 
under the Food Industry Sub-programme of EU Structural Funds, 1994-9. 
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