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Summary Pregnenolone-16-carbonitrile (PCN) is a synthetic steroid and an

inducer of the cytochrome P450 3A gene in rats. The aim of this study was to evaluate

the effects of PCN administration on vitamin-E status and antioxidant enzyme protein

levels in rats fed a vitamin-E supplemented diet. Two groups of Wistar rats were fed

for three weeks with a basal diet (containing 50 ppm of -tocopherol) or the same diet15

containing tenfold more -tocopherol. In the last three days, each group was divided

into two subgroups which were given a single intraperitoneal injection of PCN at 75

mg/kg/day (P50 and P500 groups) or DMSO (C50 and C500 groups). PCN

significantly reduced -tocopherol contents in the liver and plasma. Tenfold

supplementation of -tocopherol (P500 group) could return liver -tocopherol levels20

to that of the C50 group. The TBARS concentration was significantly elevated by

PCN administration in the liver and lung by Two-way ANOVA analysis. PCN showed

a significant reduction in the protein levels of catalase and glutathione peroxidase
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(GPx). Dietary vitamin-E supplementation altered the protein levels of GPx and

superoxide dismutase, but not catalase. Vitamin-E supplementation protected against

PCN-induced lipid peroxidation and compromized vitamin-E status by CYP3A

induction and antioxidant enzyme reduction. The mechanism of this protection

appears to be due to scavenging the reactive metabolite by vitamin-E rather than5

increasing antioxidant enzyme levels.
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Cytochrome P450s (CYPs) are part of the monooxygenases superfamily, which are

responsible for xenobiotic metabolism. The reaction steps of CYPs involve

single-electron transfers, which can give rise to byproducts such as superoxide and

hydrogen peroxide (1-3). Excessive production of these reactive oxygen species can

damage lipids, proteins and DNA.5

Vitamin-E is an important fat-soluble antioxidant in the body. It works with

antioxidant enzymes such as glutathione peroxidase (GPx), superoxide dismutase

(SOD) and catalase to protect cells from attack by reactive oxygen species.

Vitamin-E has been reported to attenuate the decrease of CYP1A by polymicrobial

sepsis (4). Several studies also showed that -tocopherol can induce CYP proteins;10

the activities of CYP1A1, CYP2C, and CYP2B increased in rat liver microsomes after

-tocopherol injection (5) and liver CYP3A and CYP2B proteins were induced in rats

fed a -tocopherol supplementation diet (6). A high dose (200 mg) of -tocopherol in

the diet for three months induced CYP3a11 in mice compared with mice fed a

-tocopherol-deficient diet (7). These results reveal that vitamin-E is related to15

regulation of CYP proteins.

Tocopherols are metabolized by -hydroxylation followed by -oxidation; some

CYPs are thought to exhibit -hydroxylase activity. CYP3A was first reported to be

involved in vitamin-E metabolism by determining changes in

carboxyethyl-hydroxychroman CEHC metabolites in HepG2 cells when a CYP20

inhibitor, ketoconazole (KCZ), or an inducer, rifampicin, was added to the medium

(8,9).

CYP3A in the liver is responsible for >50% of the metabolism of drugs (10).

CYP3A4 protein was induced in alcoholic liver disease and non-alcoholic fatty liver

in which lipid peroxidation-derived protein adducts increased (11). The level of25
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-glutathione-S-transferase protein increased in CYP3A4 expression in the HepG2

cell (12). These studies suggest that CYP3A induction is accompanied by increased

oxidative stress, which contributes to liver injury. Vitamin-E and antioxidant enzymes

could be altered to protect liver cells, but little is known about the status of vitamin-E

and antioxidant enzymes when CYP3A protein is induced in the liver.5

Pregnenolone-16-carbonitrite (PCN) is a synthetic steroid. A microsomal enzyme

inducer has been shown to activate the pregnane X receptor (PXR), which has a

critical role in the induction of CYP3A genes in response to PCN (13,14). We

previously reported that oxidative stress increased after PCN administration. In the

current study, the status of vitamin-E in tissues and protein levels of hepatic10

antioxidant enzymes after PCN administration when supplemented with vitamin-E in

the diet were evaluated in rats.

.

15
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Materials and Methods

Animals and diets The care and handling of animals conformed to accepted

guidelines (15). Male Wistar rats (age, 3 weeks; BioLASCO Company, Taipei, Taiwan)

were housed individually in stainless-steel wire cages in a room maintained at 23 ±

2°C with a controlled 12-h light/dark cycle. They had free access to water and food.5

Body weights were recorded every week. Rats were fed a purified basal diet

according to AIN-76 diet before individual treatments.

Rats (body weight, about 93 ± 7 g) were randomly assigned to two groups which

were fed basal diet alone (containing 50 ppm of -tocopherol) or with an added high

level of vitamin-E (500 ppm of -tocopherol) for three weeks (body weight, 252 ± 2210

g). In the last three days, each group was divided into two subgroups, which were

given an injection (i.p.) of 75 mg/kg of 5-pregnen-3b-01-20-one-16a-carbonitrite

(PCN; groups P50 and P500) or dimethylsulfoxide (DMSO groups D50 and D500)

per day for three days (16).

Sampling and preparation of tissue At the end of the feeding period, food was15

withheld overnight and rats killed by carbon dioxide asphyxiation in the morning.

Blood was collected from the abdominal vena cava into a heparinized tube and

centrifuged at 1,000 × g for 10 min at room temperature, and the plasma stored

at –80°C. A small piece of tissue was homogenized in ice-cold 0.01 mol/L phosphate

buffer (containing 0.155 mol/L KCl, pH 7.4) using a Potter–Elvehjem-type20

homogenizer with a Teflon pestle. Liver homogenate was initially centrifuged at

12,000 × g at 4°C for 20 min. Supernatant was centrifuged again using an

ultracentrifuge (Beckman) at 100,000 × g at 4°C for 1 h. The microsome pellet was

resuspended in 0.05 M potassium phosphate buffer (containing 1 mM EDTA, pH 7.6)

and the cytosolic supernatants stored at–70°C until analysis.25
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Measurement of concentrations of -tocopherol and thiobarbituric acid-reactive

substances (TBARS) The concentration of -tocopherol in plasma and tissues was

analyzed by HPLC as previously described (17). TBARS concentrations in the tissue

homogenate were determined according to the method of Oteiza et al. (18).

Western blotting Primary antibodies against -tocopherol transfer protein (-TTP)5

were prepared as previously described (19) except they were raised in rabbits instead

of Balb/c mice. Primary antibodies against antioxidant enzymes were purchased from

Abcam (UK). Primary antibodies against CYP3A1 and 3A2 were purchased from

Chemicon (USA). HRP-goat anti-rabbit IgG (H + L) conjugate was the secondary

antibody (Zymed Company). Aliquots of the liver cytosolic fraction or microsome10

suspension solution containing 10 µg of protein were separated by

SDS-polyacrylamide electrophoresis, and transferred to a polyvinylidene fluoride

(PVDF) membrane, which was incubated overnight at 4°C with blocking buffer

(0.25% gelatin, 0.15 M NaCl, 5 mM EDTA, 0.05% Tween 20, 50 mM Tris, pH 8.0).

Proteins on the membrane were immunostained for 1 h at room temperature using15

antibodies against -TTP, CYP3A, SOD, GPx or catalase. After three washes with

washing buffer (phosphate-buffered solution containing 0.05% Tween 20, pH 7.0),

membranes were incubated with secondary antibody at room temperature for 1 h, then

washed three times, and the signal visualized by reaction with ECL-plus substrate

(Amersham, UK) for 20–40 sec.20

Statistical analyses Data are expressed as mean  SD. The significance of

differences between the four groups was analyzed by one-way ANOVA and Duncan’s 

multiple range test using the General Linear Model of the SAS Package (SAS Institute,

Cary, NC, USA). Two-way ANOVA was used to confirm the effects of dietary

vitamin-E and PCN injection and their interaction. P<0.05 was considered statistically25
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significant.
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Results

Animal growth and organ weights

Rats were fed a basal diet or high -tocopherol diet (50 or 500 ppm; “50” and 

“500” groups, respectively) for three weeks and injected on the last three days with

vehicle (C50 and C500 groups) or CYP3A inducer PCN (P50 and P500 groups).5

Before injection, four groups of rats had similar body weight, food intake (D50,

P50, D500, P500; 16.6 ± 1.2, 17.0 ± 1.4, 17.3 ± 1.8, 17.2 ± 1.0 g/day, respectively)

and feed efficiency (52.8 ± 2.6, 51.3 ± 3.7, 51.7 ± 4.2, 52.1 ± 4.3%, respectively).

PCN injection for three days significantly increased liver weight (Table 1). The

weights of kidneys, lung, heart and testes of rats were not significantly different10

among the four groups. Liver CYP3A1 protein and CYP3A2 protein were

significantly induced by PCN injection (P50 and P500), but the addition of vitamin-E

appeared to have no effect on CYP3A proteins (Figure 1). In the two control groups

(C50 and C500), CYP3A2 protein level was more obvious than CYP3A1 protein level.

This suggests that CYP3A1 is a type of inducible form, but CYP3A2 is a constitutive15

form in the liver; this is consistent with other studies (20, 21).

Levels of liver -tocopherol, -TTP and TBARS

Levels of -tocopherol in the plasma and liver in the two PCN-treated groups

(P50, P500) were significantly reduced as determined by two-way ANOVA.20

-Tocopherol levels in the kidney, lung, heart and testis were significantly higher in

vitamin E-supplemented groups (C500 and P500) than those in normal vitamin-E

groups (C50 and P50). Two-way ANOVA also showed that dietary vitamin-E

significantly elevated vitamin-E concentration in these tissues (Table 2).

-Tocopherol transfer protein was measured in this study because it is thought to25
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be important in regulating plasma vitamin-E. There was no significant difference in

protein levels of -TTP among the four groups (Figure 2).

Levels of TBARS of various tissues are shown in Table 3. PCN injection caused

a significant increase in liver TBARS levels. There was no significant difference in

TBARS levels in the kidney, lung, heart and testis among the four groups. PCN5

injection significantly decreased TBARS concentration in the lung. PCN and dietary

vitamin-E showed an interaction on kidney TBARS levels. Dietary vitamin-E

significantly reduced TBARS concentration in the heart and testis; this result was

consistent with their vitamin-E levels.

10

Protein of SOD, GPx and catalase

The proteins of antioxidant enzymes were analyzed by Western blotting. SOD

proteins were not significantly different among the four groups. Dietary vitamin-E

significantly reduced SOD protein levels (Figure 3). Protein levels of GPx were

significantly higher in the C50 group and significantly lower in the P500 group.15

Two-way ANOVA showed that dietary vitamin-E and PCN significantly reduced GPx

protein levels (Figure 4).

Catalase showed different results from the other two enzymes. Protein levels of

catalase were significantly higher in the P50 and P500 groups than in the C500 group,

but were not significantly different compared with the C50 group. PCN injection20

produced a significant increase in catalase protein (Figure 5).
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Discussion

PCN is a potent PXR activator and a well-known CYP3A inducer in the rodent (10).

It also slightly induces expression of mRNAs for CYP2B2, CYP2C6, and CYP2C11

in the rat liver (22). This drug increased total P450 content (23), caused proliferation

of smooth endothelial reticulum (24) and consequently increased liver weight and5

relative liver weight (23), which was also observed in our study. PCN injection greatly

increased TBARS levels in the liver, suggesting that lipid peroxidation could be due

to the induction of CYPs. Lipid peroxidation caused by PCN has not been

investigated directly, but CYP3A-expressing microsomes are reported to have a

higher rate of superoxide production than CYP1A1-expressing microsomes (25).10

Johnson et al. (16) reported that PCN injection increases the rate of excretion of

biliary glutathione-derived sulfhydryl groups in rats. These data suggest that oxidative

stress is increased by PCN due to induction of CYP. Except the liver, the TBARS

levels of other organs measured showed no significant difference among the four

groups. Two-way ANOVA indicated that PCN influenced the levels of TBARS in the15

liver and lung, but dietary vitamin-E influenced TBARS levels in the heart and testis.

This result seems reasonable because the liver is the major target organ of PCN, and

the kidney and lung were also reported to show CYP3A protein expression after PCN

treatment in rats (26,27).

PCN treatment induced oxidative stress and reduced vitamin-E levels in the liver20

and plasma to 60% and 37%, respectively, simultaneously. When rats were given

tenfold levels of vitamin-E in their diet, vitamin-E levels in plasma and the liver could

return to the same levels as those in untreated rats. Higher levels of liver TBARS in

PCN treatment were also reduced with tenfold vitamin-E supplementation. Two-way

ANOVA showed that vitamin-E levels in the kidney, lung, heart and testis were not25
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changed by PCN, but by dietary vitamin-E. These results were in agreement with

TBARS results, and suggest that the liver was the major organ in which CYP was

highly induced by PCN. Vitamin-E levels of extrahepatic tissues were almost

determined using lipoprotein vitamin-E from plasma. Levels of -tocopherol in

plasma and the liver were reduced after PCN injection, but vitamin-E levels in the5

kidney, lung, heart and testis were unchanged. Tenfold supplementation of vitamin-E

in the diet increased vitamin-E levels to about 1.4–2 fold of that in extrahepatic tissues

of normal vitamin-E groups. The half-lives for -tocopherol were 7.6, 11.2, 13.3, and

33.3 days in the lung, kidney, heart and testis, respectively (28). The period of PCN

injection was only three days shorter than the half-lives for -tocopherol in tissues.10

This may partially explain why -tocopherol levels in these tissues were unchanged

by PCN, even plasma vitamin-E concentration was lower.

-TTP, a cytosolic protein predominantly expressed in the mammalian liver (29,30),

showed highly specific affinity for -tocopherol (31). Reduction in plasma

-tocopherol levels could be due to the lower expression of -TTP because -TTP is15

thought to be important in the homeostasis of plasma -tocopherol (32-36). Many

studies have suggested that -TTP is downregulated by oxidative stress. -TTP

mRNA levels were reduced and lipid peroxidation increased when rats were exposed

to hyperoxia for 48 h (37). -TTP mRNA and protein levels were also reduced in rat

hepatoma (38) and galactosamine-induced liver injury (39). In our study, lipid20

peroxidation increased and plasma -tocopherol decreased, but the protein levels of

-TTP did not decrease. This suggests that the regulation of -TTP is

PXR-independent, and is not relevant to CYP3A induction. The reduced -tocopherol

in plasma is due to the lower levels of -tocopherol in the liver, not -TTP levels.
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CYP3A was reported to be involved in vitamin-E metabolism in primary

hepatocyte cultures and HepG2 cells (8,40). Liver vitamin-E levels increased when

rats were given the CYP3A inhibitor KCZ, (41). Reduction in liver -tocopherol with

PCN treatment can also result from enhanced degradation of vitamin-E because PCN

is an inducer of CYP3A. Urine -CEHC, a metabolite of -tocopherol (8, 42,43) was5

measured in our previous study and did not increase after PCN administration (in

press). This means that CYP3A induction does not enhance the degradation of

-tocopherol to -CEHC, and this may not be the major reason for falling

-tocopherol levels in the liver with PCN treatment.

Antioxidant enzymes of SOD, GPx and catalase provide a defense system against10

reactive species. Changes in enzyme activity show their adaptation to oxidative stress.

GPx and catalase, scavengers of hydrogen peroxide, were altered by PCN according

to two-way ANOVA. Dietary vitamin-E also influenced GPx. The reduction of GPx

protein in the P500 group showed the sparing effect of vitamin-E on GPx. Vitamin-E

and GPx have at least partially interchangeable functions because vitamin-E15

supplementation decreases GPx activity in the rabbit aorta (44), rat brain (45) and red

blood cell (RBC) without affecting hemolysis (46). This suggests that high levels of

vitamin-E in tissues protects them from lipid peroxidation and spares the antioxidant

enzymes; this could explain our observations. “Oxygen-responsive elements” is a

specific sequence that is responsive to oxygen tension, and was found to be located in20

the 5’ flanking region of the human GPx gene(47). GPx could be indirectly regulated

by vitamin-E or other oxidative factors.

Catalase protein decreased after PCN injection and did not reverse with tenfold

supplemention of vitamin-E in the diet. Some studies have shown catalase activity (48)

and its mRNA levels (49) in the liver were reduced in the hepatoma cell. Recently,25
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catalase gene expression was found to be downregulated in acute liver injury by

carbon tetrachloride, which caused lipid peroxidation (50). It seems that catalase was

downregulated due to liver injury. Our present study showed similar results, i.e.,

higher lipid peroxidation, but lower levels of catalase protein. Vitamin-E

supplementation can restore vitamin-E levels in the liver, but the catalase protein5

levels remained low, indicating that catalase protein synthesis is not directly related to

oxidative stress, and assumed to be relevant to PCN treatment. The relationship

between CYP and enzymes has been reported by Mari and Cederbaum (12), catalase

protein and mRNA expression was shown to increase in CYP2E1 overexpression in

HepG2 cells, but was not induced in CYP3A4 expression cells. Activation was10

associated with decreased catalase activity in transgenic mice with human PXR (51).

These data show that the regulation of catalase after PCN administration could be via

a PXR-mediated pathway rather than mediated by oxidative stress.

PCN produced a significant reduction in the protein levels of catalase and GPx.

Dietary vitamin-E altered the protein levels of GPx and SOD, but not catalase. In15

summary, vitamin-E supplementation protected against PCN-induced lipid

peroxidation and compromized vitamin-E status by CYP3A induction and antioxidant

enzyme reduction. The mechanism of this protection appears to be due to scavenging

the reactive metabolite by vitamin-E, but not increasing antioxidant enzyme levels.
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Table 1. Liver weight and other organ weights in rats fed of two levels of dietary

vitamin E with PCN or DMSO administration.

Organ weight (g)

Liver Kidney Lung Heart Testis

C50 7.54±0.56 1.94±0.09 1.22±0.15 0.83±0.06 2.44±0.27

P50 10.15±1.59 1.87±0.19 1.21±0.21 0.8±0.09 2.51±0.28

C500 7.91±1.32 2.03±0.25 1.37±0.29 0.82±0.11 2.5±0.22

P500 10.72±1.67 2.02±0.17 1.37±0.19 0.8±0.06 2.49±0.16

Vitamin E 0.3246 0.0709 0.0436 0.9048 0.8228

PCN <.0001* 0.5926 0.9245 0.3085 0.7215

Vitamin E×PCN 0.8238 0.6907 0.9194 0.9232 0.6104

1. C50, P50: rats fed a diet containing 50 ppm of -tocopherol acetate injected

with DMSO (C50) or PCN (P50). C500, P500: rats fed a diet containing 500

ppm of -tocopherol acetate injected with DMSO (C500) or PCN (P500). n =85

for the C50 and P50 groups and n =9 for the C500 and P500 groups.

2. Each value is the mean±SD. Values not sharing common superscript are

significantly different from one another among the four groups by one-way

ANOVA and Duncan’s multiple range test (p<0.05).

3. Analyzed by two-way ANOVA among the four groups. * denotes p<0.05.10
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CYP 3A1

CYP 3A2

3A1 C50 P50 C500 C50 P50 C500 P500

C50 P50 C500 P500 C50 P50 C500 P500

Figure 1 Western blot of CYP3A1 and CYP3A2 in livers of rats fed experimental
diets after PCN or DMSO injection .
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Table 2. Plasma and tissue -tocopherol concentrations in rats fed of two levels

of dietary vitamin E with PCN or DMSO administration.

Plasma Liver Kidney Lung Heart Testis

(mol/L) nmol/g)

C50 16.5±3.5b 30.6±6.3 bc 27.81±2.58b 16.12±8.04b 17.61±5.66bc 39.06±2.89b

P50 10.4±1.1c 12.8±4.5 c 23.94±3.07b 17.88±6.32b 13.84±5.39c 29.62±2.92b

C500 26.5±3.5a 113.7±29.4 a 40.14±3.67a 35.89±18.09a 26.68±12.88ab 53.45±6.52a

P500 18.4±4.2b 40.2±23.3 b 37.95±7.16a 30.96±6.54a 29.74±14.52a 54.86±23.48a

Vitamin E <0.0001* <0.0001* <0.0001* 0.0002* 0.0029* 0.0002*

PCN <0.0001* <0.0001* <0.0679 0.6313 0.9910 0.4794

Vitamin E

×PCN

0.4024 0.0004* <0.6034 0.4010 0.3759 0.2570

1. C50, P50: rats fed a diet containing 50 ppm of -tocopherol acetate injected with

DMSO (C50) or PCN (P50). C500, P500: rats fed a diet containing 500 ppm of

-tocopherol acetate injected with DMSO (C500) or PCN (P500). n =8 for the C50 and5

P50 groups and n =9 for the C500 and P500 groups.

2.Each value is the mean±SD.

3.Analyzed by two-way ANOVA among the four groups. * denotes p<0.05.
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4.Values not sharing common superscript are significantly different from one another

among the four groups by one-way ANOVA and Duncan’s multiple range test 

(p<0.05).
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Factor Two-way ANOVA
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Dietary vitamin E 0.3361
PCN 0.8288

Vitamin E×PCN 0.5976

Figure 2 Liver -Tocopherol transfer protein levels analyzed by Western blot. (A)
The original figure and (B) the ratio of each band intensity in values are means±SD5

and represented as bars. (C) The two-way ANOVA results of western blot analysis
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Table 3. Tissue TBARS concentrations in rats fed two levels of dietary vitamin E with

PCN or DMSO administration.

Liver Kidney Lung Heart Testis

(nmol/g liver)

C50 118.4 ± 51.6 b 791±112 790±183 886±198 270±33

P50 308.3 ± 69.7 a 651±78 604±114 1000±292 265±54

C500 79.1 ± 9.0 b 697±87 743±233 825±197 236±24

P500 122.4 ± 46.8 b 719±144 587±127 727±123 237±20

Vitamin E <0.0001* 0.7335 0.5431 0.0369* 0.0168*

PCN 0.0013* 0.1611 0.0072* 0.8765 0.8779

Vitamin E×

PCN

0.0480* 0.0395* 0.7188 0.1165 0.7894

1. C50, P50: rats fed a diet containing 50 ppm of -tocopherol acetate injected with

DMSO (C50) or PCN (P50). C500, P500: rats fed a diet containing 500 ppm of

-tocopherol acetate injected with DMSO (C500) or PCN (P500). n =8 for the C505

and P50 groups and n =9 for the C500 and P500 groups.

2.Each value is the mean±SD.

3.Analyzed by two-way ANOVA among the four groups. * denotes p<0.05.

4.Values not sharing common superscript are significantly different from one another

among the four groups by one-way ANOVA and Duncan’s multiple range test10

(p<0.05).
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Figure 3 The Western blot of SOD protein levels in livers of rats. (A) The original
figure and the ratio of each band intensity in values are means±SD and represented as5

bars. (B) The two-way ANOVA results of western blot analysis of SOD (* indicates
p<0.05).
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Figure 4 The Western blot of GPx protein levels in livers of rats. (A) The original
figure and the ratio of each band intensity in values are means±SD and represented as5

bars. Bars not sharing at least one letter are significantly different from one another
(p<0.05) (B) The two-way ANOVA results of western blot analysis of GPx (*
indicates p<0.05).



 
 
 
 
 
 
 
 
 
 
 
 

     

29

C
at

al
as

e/
-

ac
tin

ra
tio

1

2

3

b b

aa

A

C50 P50 C500 P500

Catalase

-Actin

C50 P50 C500 P500

B

Factor Two-way ANOVA
p value

Dietary Vitamin E 0.6211
PCN 0.0019*

Vitamin E×PCN 0.9149

Figure 5 The Western blot of Catalase protein levels in livers of rats. (A) The original5
figure and the ratio of each band intensity in values are means±SD and represented as

bars. Bars not sharing at least one letter are significantly different from one another
(p<0.05) (B) The two-way ANOVA results of western blot analysis of Catalase (*
indicates p<0.05).
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