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Abstract To assess whether lipid peroxidation of hepatic 
mitochondria is asosciated with cholestatic hepatic injury we ex- 
amined the effect of bile duct ligation (BDL) versus sham 
surgery on mitochondrial lipids of rats maintained on one of 
seven diets. Diets included vitamin E-deficient (E - ) and 
vitamin E-sufficient (E + ) combined with normal lipid (11.9% 
calories as stripped corn oil), high lipid (35% calories as stripped 
corn oil), or n-3 fatty acid (fish oil) supplementation. Rats were 
killed 17 days after surgery, mitochondria were isolated by 
differential centrifugation, and lipid-conjugated dienes and 
thiobarbituric acid-reacting substances (TBARS) were 
measured in mitochondrial lipids as indices of lipid peroxida- 
tion. BDL resulted in significant increases in lipid peroxidation 
in all dietary groups. The E- high lipid diets (with either corn 
oil or fish oil) were associated with higher lipid peroxide and 
serum bilirubin values in BDL rats compared to the normal 
lipid diets. Fish oil supplementation did not ameliorate 
cholestatic or oxidative injury. Serum alanine aminotransferase, 
bilirubin, alkaline phosphatase, and cholylglycine levels cor- 
related significantly with levels of mitochondrial conjugated 
dienes and TBARS. These data suggest that free radical 
stress occurs during BDL in the rat and may result in mitochon- 
drial lipid peroxidation, and that diets high in lipid may increase 
free radical damage to hepatic mitochondria. The role of free 
radicals in cholestatic hepatic injury requires further investiga- 
tion. -Sokol, R. J., M. Devereaux, and R. A. Khandwala. 
Effect of dietary lipid and vitamin E on mitochondrial lipid 
peroxidation and hepatic injury in the bile duct-ligated rat. J 
Lipid Res. 1991. 32: 1349-1357. 
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tocopherol or superoxide dismutase inhibited these effects 
(1). It has also been shown that bile acids enhance the 
release of oxygen free radicals from activated rat polymor- 
phonuclear leukocytes (2), inflammatory cells that are 
present in both experimental (3, 4) and human cholestatic 
liver lesions (5). Cu, Zn-superoxide dismutase and cata- 
lase, two of the free radical scavenging enzymes in liver, 
have been reported to be low in the diseased human liver, 
thereby potentially increasing the susceptibility of the 
liver to injury by oxygen-derived free radicals (6). Fur- 
thermore, the severity of cholestatic liver injury in adults 
with primary biliary cirrhosis and in bile duct-ligated rats 
was related to increasing levels of dietary fat intake (7), a 
situation that may increase the substrate for lipid perox- 
idation (polyunsaturated fatty acids), thereby making the 
liver more susceptible to oxidant stress (8). In addition, 
elevated plasma concentrations of lipid peroxides have 
been reported in children with chronic cholestatic liver 
disease (9). Thus, there is a growing body of evidence 
suggesting that free radicals may be generated during 
cholestasis, that the diseased liver may have a diminished 
capacity to scavenge free radicals, and that lipid peroxida- 
tion may be associated with cholestatic liver injury. 

The aim of this study was to directly assess whether 
peroxidation of hepatic mitochondrial lipids is associated 
with cholestatic liver injury in the bile duct-ligated rat and 

The pathogenesis of hepatic injury during cholestasis is 
poorly understood. Recent observations suggest that oxi- 
dant or free radical stress may play a role in cholestatic 
hepatic injury. A preliminary report showed that incuba- 
tion of bile acids with isolated rat hepatocytes promoted 
oxidative modification of lipids (lipid peroxidation) con- 
current with loss of hepatocyte viability and that a- 

Abbreviations: ALT, alanine aminotransferase; BDL, bile duct liga- 
tion; E + , vitamin E-sufficient; E - , vitamin E-deficient; CO, corn oil; 
FO, fish oil; TBARS, thiobarbituric acid-reacting substances. 
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to determine whether modifications in dietary lipid and 
vitamin E intake could alter this injury. We investigated 
mitochondria in this model because of previous demon- 
stration of lipid peroxidation in mitochondrial mem- 
branes in other hepatic injury models wherein free radical 
generation has been implicated in the pathogenesis of 
tissue injury (10, 11). The rationale for testing dietary lipid 
intake in this model was that ingested fatty acids are in- 
corporated into cell membrane phospholipids, and that 
polyunsaturated fatty acids of both the n-6 and n-3 fami- 
lies are highly susceptible to lipid peroxidation (12). 
Vitamin E intake was also modified to change susceptibi- 
lity to lipid peroxidation inasmuch as vitamin E is the pri- 
mary membrane-bound, lipid-soluble antioxidant that 
protects membrane fatty acids from oxidant stress (13). In 
human cholestatic states, malabsorption (14-16) and 
subsequent deficiency of vitamin E are common (17-21), 
rendering patients more susceptible to oxidant injury to 
the central nervous system (22, 23) and possibly the liver. 
An additional reason for studying n-3 fatty acids in this 
model is because use of n-3 fatty acid (fish oil) supple- 
ments has been suggested as a means of reducing liver cell 
injury and disease progression in patients with chronic 
liver disease (24) through inhibition of prostanoid and 
leukotriene pathways (25) and inhibition of cytokine syn- 
thesis by peripheral blood monocytes (26) and Kupffer 
cells (27). However, inasmuch as the n-3 fatty acids in fish 
oil are polyunsaturated, supplementation with fish oil 
may increase susceptibility to peroxidation of membrane 
lipids (12). Therefore, the effect of n-3 fatty acid sup- 
plementation on cholestatic injury and lipid peroxidation 
was also assessed in this animal model. Previous studies 
have demonstrated that manipulating dietary lipid intake 
alters mitochondrial membrane content of n-6 and n-3 
fatty acids (28). Thus, the strategy for our study was to 
achieve the desired vitamin E and fatty acid status in 
hepatic subcellular membranes by dietary means. 

METHODS 

Animals and diets 

Weanling male Sprague-Dawley rats obtained from 
Sasco, Inc., (Omaha, NE) were housed in polyethylene 
cages with stainless steel wire tops and 12-h light-dark 
cycles. Rats were randomly assigned to receive one of six 
semisynthetic liquid diets (Dyets, Inc., Bethlehem, PA) or 
standard Purina Lab Chow (Ralston Purina Go., Chi- 
cago, IL) including: E + 11.9%CO, vitamin E-sufficient 
(E + ; 50 IU all-ruc-a-tocopheryl acetate/kg diet), normal 
lipid (11.9%CO; 11.9% of calories as stripped corn oil); 
E-11.9%CO, vitamin E-deficient (< 10 IU all-ruc-a- 
tocopheryl acetate/kg diet), normal lipid; E + 35%CO, 
E + , high lipid (35% of calories as stripped corn oil); 
E-35%CO, E-, high lipid; E + 35%FO, E + , high lipid, 

fish oil-supplemented (11% of calories as stripped corn oil, 
24% of calories as stripped menhaden oil); and 
E-35%FO. All rats were pair-fed for 6 weeks to equal the 
growth of the E-35%CO rats. The E-35%CO diet was 
designed to maximize susceptibility to lipid peroxidation 
and to mimic the approximate percentage of calories as 
lipid in the average Western human diet. The E-35%FO 
diet provided linoleic acid from the corn oil equal to the 
amount in the E-11.9%CO diet plus additional n-3 fatty 
acids at levels shown to suppress eicosanoid pathways 
(24). The lipid composition and fatty acid distribution of 
each diet is shown in Table 1 .  The liquid diets were pur- 
chased as powder which was refrigerated in the dark until 
reconstitution with distilled water for use within 24 h. 
Reconstituted liquid diets were kept refrigerated in the 
dark until use. E- diets contained 0.02% butylated 
hydroxyanisole to prevent in vitro peroxidation of diet 
lipid. Each rat received a new fresh supply of liquid diet 
each day. 

Bile duct ligation procedure 

After 6 weeks of diet, rats underwent bile duct ligation 
and transection (BDL) or sham surgery. Under pentobar- 
bital anesthesia (65 mg/kg i.p.) and oxygen supplementa- 
tion, the common hepatic duct was located through a 
midline abdominal incision, double ligated near the liver, 
and transected between ligatures. Two ml of sterile saline 
and 5,000 units of penicillin G were instilled into the peri- 
toneum at the completion of surgery, and the incision was 
closed using stainless steel surgical staples. Sham surgery 

TABLE 1, Lipid and fatty acid composition of diets 
~ ~ ~ 

1 1  9% Corn Oil 35% Corn 011 35% Fish 011 
Composition Diet Diet Diet 

Stripped corn oil (SA) 
Menhaden oil (SA) 
Percent calories 

Fat 
Carbohydrate 
Protein 

Fatty acid profile ('36) 
14:O 
16:0 
16:l 
16:2 
16:3 
16:4 
17:O 
1 8 : O  
18: 1 
18:2 
18:3 
18:4 
2O:O 
20: 1 
20:4 
20:5 
22:5 
22:6 

13.25 
0 

11.9 
68.8 
19.3 

trace 
9.7 

trace 

1.9 
26.0 
61.7 

0.7 

38.9 
0 

35.0 
45.7 
19.3 

trace 
9.7 

trace 

1.9 
26.0 
61.7 

0.7 

13.0 
25.9 

35.0 
45.7 
19.3 

6.0 
14.6 
8.3 
1 . 1  
1 .1  
1 . 2  
0.6 
2.5 

16.3 
21.6 

1.3 
2 . 3  
0.1 
1.1 
1.5 

10.3 
1.6 
6.1 
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was identical to the ligation procedure, including locating 
and manipulating the common hepatic duct, except that 
the bile duct was not ligated or divided. Rats were main- 
tained on the respective preoperative diet after surgery 
and were pair-fed to the weight gain of the BDL rats on 
the E-35%CO diet. 

Blood, liver, and mitochondrial studies 

Rats were killed 17 days after BDL or sham surgery by 
exsanguination from the inferior vena cava through a 
laparotomy incision with the animal under light ether 
anesthesia. To assess the severity of liver injury, blood was 
obtained from the inferior vena cava and serum was ana- 
lyzed for total bilirubin, alkaline phosphatase, and ALT 
by automated laboratory procedures and for cholylglycine 
by radioimmunoassay (29). Vitamin E status was assessed 
by serum a-tocopherol measured by high pressure liquid 
chromatography with absorbance detection (30) and the 
ratio of serum a-tocopherol to total serum lipid concen- 
tration (31, 32). 

The liver was removed, weighed, and processed imme- 
diately for the following studies: hepatic a-tocopherol 
concentrations were assessed on frozen liver, stored at 
- 7OoC, by high pressure liquid chromatography with 
fluorescence detection (33), and expressed per mg wet 
weight of liver and per mg hepatic protein (34). To quanti- 
tate oxidant injury to the liver, lipid peroxidation of fresh 
hepatic mitochondria was assessed by thiobarbituric acid- 
reacting substances (TBARS) and lipid-conjugated di- 
enes, by previously described methods (10). TBARS were 
expressed as nmol/mg mitochondrial protein. Lipid con- 
jugated dienes were expressed as the difference in absor- 
bance at 233 nm (peak absorbance for conjugated dienes), 
normalized to a denominator of 1 mg lipid per ml cyclo- 
hexane, between each experimental rat and a mean of 
values from three chow-fed adult rats analyzed simul- 
taneously each day. Mitochondria were isolated from 6 g 
of liver by centrifugation through a self-generating 
sucrose-Percoll gradient (75%/25%:vol/vol) as previously 
described (10). The purity and contamination of each 
membrane preparation was assessed by the enrichment 
and percentage recovery of microsomal (reduced nico- 
tinamide-adenine dinucleotide phosphate (NADPH) 
cytochrome C reductase (35), mitochondrial (succinate 
dehydrogenase) (36), and lysosomal (N-acetyl gluco- 
seaminidase) (37) marker enzymes. Enrichment was 
calculated by dividing the specific activity of the 
mitochondrial fraction by that of the original liver homo- 
genate; percentage recovery was calculated by dividing 
the total activity of the mitochondrial fraction by that of 
the homogenate. 

Statistical analysis 
Statistical analysis for differences among rats in the ex- 

perimental groups was performed by the analysis of 

variance and Scheffe F test. Analysis for differences be- 
tween two groups was performed by the Student’s t-test. 
Linear regression analysis was used to determine relation- 
ships between variables. A P value < 0.05 was considered 
statistically significant. All values are expressed as the 
mean f standard error of the mean (SEM) unless other- 
wise stated. 

RESULTS 

Growth and vitamin E status 

Rats in all experimental groups showed similar growth 
because of the pair-feeding study design (Table 2). Liver 
weight was increased in the BDL groups. Serum a- 
tocopherol concentrations and ratios of a-tocophero1:total 
serum lipid concentrations and ratios of a-tocopherol: 
total serum lipid concentrations confirmed the expected 
vitamin E status of each experimental group (Table 2). 
Hepatic a-tocopherol concentrations were significantly 
lower in BDL rats compared to sham-operated animals 
(expressed per g liver and per mg protein) in all the E + 
dietary groups (Table 1); however, total hepatic a- 
tocopherol content did not differ between BDL and sham- 
operated rats (data not shown). Rats maintained on E- 
diets had significantly lower hepatic a-tocopherol concen- 
trations than E +  rats. 

Lipid peroxidaton in mitochondrial membranes 
Enrichment and recovery of mitochondrial membrane 

fractions based on organelle marker enzymes were similar 
in the seven experimental groups (Table 3). Mitochondria 
were enriched a mean of 8.5- to 11.0-fold with mild micro- 
somal and minimal lysosomal contamination. Recovery of 
mitochondria ranged from a mean of 74.7 to 93.5%. 

Hepatic mitochondria showed evidence of in vivo lipid 
peroxidation from all BDL groups compared to sham- 
operated rats by analysis of both lipid-conjugated dienes 
and TBARS (Table 4). However, mitochondria from 
E-35%CO and E-35%FO BDL rats had significantly 
higher levels of lipid-conjugated dienes and TBARS com- 
pared to other BDL rats. There were no significant 
differences between lipid peroxidation values of 
E-35%CO compared to E-35%FO rats. 

Assessment of hepatic injury and correlation to lipid 
peroxidation 

Liver injury was documented in BDL rats by elevated 
serum alkaline phosphatase, total bilirubin, cholylglycine, 
and ALT levels compared to sham-operated rats. In the 
E-35%CO and E-35%FO rats, serum bilirubin values 
were significantly higher than those in other BDL rats 
(Table 5). To determine whether the severity of 
cholestatic liver injury correlated with the degree of lipid 
peroxidation, serum alkaline phosphatase, bilirubin, cho- 
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TABLE 2. Growth and vitamin E indices in experimental groups 

Liver a-Tocopherol 

Dietary Serum Serum a-Tocopherol: Pdlg Pg"p 
Group Surgery N Weight Liver Weight a-Tocopherol Total Lipids Wet Weight Protein 

E +  11.9%CO BDL 
Sham 

E-11.9%CO BDL 
Sham 

E + 35%CO BDL 
Sham 

E-35%CO BDL 
Sham 

E + 35%FO BDL 
Sham 

~ ~~ 

S S 

12 308 i 2 16.6 i 0.7" 
8 308 i 2 10.4 f- 0.5 

5 298 f 1 15.9 f 0.5" 
6 301 f 1 10.3 + 0.1 

5 308 f 1 16.6 f 0.6" 
7 305 f 1 9.8 f 0.4 

9 305 f 3 16.4 f 0.5" 
8 304 f 3 11.0 f 0.4 

7 316 i 1 17.7 f 0.7" 
6 314 f 2 10.4 f 0.6 

7.3 * 0.5 
6.3 + 0.4 

0.6 i 0.2 
0.6 _+ 0.2 

7.3 f 0.4 
6.7 f 0.4 

0.9 f 0.2 
0.4 * 0.1 

5.4 * 0.8 
2.9 f 0.5 

~~ 

Tdi= 
1.61 0.17 
1.50 * 0.13 

0.16 f 0.06 
0.17 i 0.03 

2.08 * 0.39 
2.31 f 0.50 

0.22 * 0.05 
0.14 + 0.05 

0.67 * 0.08 
1.36 + 0.07 

6.1 f 0.9" 0.18 i 0.03" 
8.2 1.1 0.31 f 0.05 

1.4 f 0.2 0.09 i 0.01 
1.6 f 0.2 0.08 f 0.01 

4.4 f 0.6" 0.16 i 0.Oln 
9.9 f 1.0 0.34 f 0.05 

2.2 * 0.4 0.08 i 0.01 
1.5 f 0.4 0.07 f 0.01 

4.2 i 0.2" 0.20 f 0.04O 
6.2 f 0.7 0.33 i 0.05 

E-35 % FO BDL 6 311 f 1 17.0 & 0.4O 0.8 0.3 0.15 f 0.05 1.7 f 0.2 0.09 i 0.01 
Sham 6 311 f 1 10.4 f 0.7 0.4 + 0.1 0.15 f 0.02 1.5 + 0.2 0.07 + 0.01 

Rat chow None 11 310 * 3 11.5 f 0.3 4.7 f 0.3 1.03 f 0.11 11.6 + 1.4 0.60 f 0.07 

All values mean i SEM. See Methods for definition of dietary group terms; BDL, bile duct ligation; Sham, sham surgery. 
"P < 0.05 vs. shams in same dietary group. 

lylglycine, and ALT were compared to mitochondrial 
TBARS and conjugated dienes by linear regression analy- 
sis. Significant correlations were found between all 
variables (Table 6) .  Representative relationships are illus- 
trated in Figs. 1-4. 

DISCUSSION 

The experiments conducted in this study demonstrate 
that peroxidative decomposition of mitochondrial lipids 

occurs in the chronically BDL rat model of cholestatic 
liver injury. Both lipid-conjugated dienes and TBARS 
were significantly elevated in mitochondrial lipids from 
BDL rats compared to sham-operated, pair-fed control 
rats. This finding was present in rats receiving low lipid 
or high lipid diets, predominantly n-6 or n-3 fatty acid- 
containing diets, and E +  or E- diets. Diets that 
theoretically should maximize the susceptibility to lipid 
peroxidation, by increasing substrate (polyunsaturated 
fatty acids) aAd decreasing protection (a-tocopherol) 
against free radical modification of lipids were found to 

TABLE 3.  Enrichment and recovery of mitochondrial membrane fractions 

Dietary 

Succinate NADPH Cytochrome C N-Acetyl 
Dehydrogenase Reductase GI ucoseaminidase 

Group Surgery N Enrichment Recovery (70) Enrichment Recovery (7%) Enrichment Recovery (70) 

E +  11.9%CO BDL 7 10.2 + 1.3 78.1 f 5.9 5.2 f 1.0 18.1 * 3.3 2.0 f 0.6 12.4 f 2.8 
11.8 f 2.4 Sham 6 9.5 + 0.6 84.8 f 5.7 3.7 * 0.8 18.2 f 3.4 1.7 f 0.3 

15.7 3.2 Sham 6 8.9 + 2.5 82.3 * 5.7 3.4 f 0.8 24.7 * 5.8 1.5 f 0.2 

E + 35%CO BDL 5 9.4 + 0.8 79.0 f 9.8 2.4 f 0.8 19.6 5.1 1.8 f 0.4 7.0 * 2.5 
Sham 7 9.7 + 0.7 79.3 5.7 2.9 i 0.3 23.4 f 3.8 1.3 f 0.2 14.4 i 3.8 

12.6 * 1.9 
Sham 6 9.5 2 0.7 79.2 * 6.1 2.9 f 0.6 20.0 * 2.0 1.9 f 0.7 16.0 1.0 

E-l1.9%CO BDL 5 9.5 & 0.9 74.2 f 10.1 2.3 t 0.5 25.4 5.3 1.6 i 0.6 11.0 f 1.1 

1.6 f 0.2 E-35%CO BDL 5 9.9 k 0.5 76.0 + 5.8 3.6 f 0.9 16.0 & 3.0 

E + 35%FO BDL 7 10.2 + 0.5 76.4 .fr 5.1 3.3 f 0.6 16.9 i 2.2 3.0 f 0.5 10.1 f 0.9 
Sham 6 10.4 f 0.9 93.5 + 3.2 2.9 f 0.9 18.0 f 3.3 1.4 f 0.3 7.5 * 1.3 

E-35 % FO BDL 6 8.5 0.8 74.7 f 6.2 5.3 f 1.0 16.0 f 2.7  2.0 f 0.7 12.5 i 2.9 
Sham 6 11.0 f 0.9 76.3 +_ 2.9 3.7 f 0.9 23.0 f 5.5 1.9 f 0.3 6.7 f 0.8 

Rat chow None 12 8.5 & 0.5 79.8 3.6 4.5 f 0.9 15.3 f 2.3 2.8 f 0.7 12.4 i 2.8 

All values mean f SEM. There were no statistically significant differences among groups in any column by ANOVA 
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TABLE 4. Lipid peroxidation of hepatic mitochondrial membranes from experimental rats 

Dietary 
Group 

Difference in 
Absorbance Absorbance 

at 233 nmlmg at 233 nmlmg TBARS 
Surgery N Lipid Lipid (nmollmg Protein) 

E +  l l . 9%CO BDL 12 0.84 f 0.04" 0.19 i 0.05" 

E-11.9%CO BDL 5 0.69 f 0.14" 0.17 f 0.12" 

Sham 6 0.67 f 0.06 -0.03 i 0.03 

Sham 6 0.48 f 0.04 -0.01 f 0.05 

E + 35%CO BDL 
Sham 

E-35%CO BDL 
Sham 

E+35%FO BDL 
Sham 

E-35 % FO BDL 
Sham 

5 
7 

11 
10 

7 
6 

5 
6 

0.60 f 0.16" 
0.48 f 0.04 

0.92 f O.OFb 
0.69 f 0.11 

0.51 f 0.09" 
0.37 f 0.03 

0.67 f 0.04" 
0.36 f 0.04 

0.11 f 0.05" 
0.02 i 0.05 

0.40 f 0.05Lb 
-0.04 i 0.05 

0.19 i 0.07" 
0.06 * 0.02 

0.38 f 0.07',' 
0.03 f 0.03 

3.1 f 0.2" 
1.8 i 0.2 

5.0 f 0.3" 
2.2 i 0.2 

4.1 f 0.4" 
1.8 f 0.3 

5.3 f 0.2" 
2.2 i 0.4 

4.6 f 0.4" 
2.8 f. 0.4 

5.8 & 0.4" 
3.2 i 0.5 

Rat chow None 12 0.41 i 0.03 -0.01 f 0.02 1.8 i 0.2 

All values mean f SEM. 
"P < 0.05 by ANOVA vs. sham and rat chow groups. 
'P < 0.05 by ANOVA vs. other BDL groups. 

enhance the degree of mitochondrial lipid peroxidation 
and were also associated with increased liver injury 
(serum bilirubin). Subcellular organelle marker enzyme 
studies demonstrated similar purity and lack of con- 
tamination of mitochondrial preparations from all dietary 
and surgical groups, thus confirming that the lipid perox- 
idation findings were not caused by differences in mem- 
brane populations isolated from the various dietary 
groups or from BDL versus sham-operated rats. Con- 
tamination of mitochondrial fractions with lysosomal 

membranes estimated by marker enzymes (Table 3) was 
mild, particularly in view of the observation that the lipid 
content of hepatic mitochondria is approximately 100 
times that of lysosomes (38). Therefore, the contribution 
of lysosomes to the lipid component of our mitochondrial 
fractions could not generate sufficient lipid peroxides to 
account for the observed mitochondrial lipid peroxida- 
tion. 

As anticipated, serum alkaline phosphatase, total 
bilirubin, cholylglycine, and ALT were elevated in all 

TABLE 5. Liver blood tests in experimental groups 

Dietary Alkaline Total 
Group Surgery N Phosphatase Bilirubin Cholylglycine ALT 

E +  11.9%CO BDL 
Sham 

E-11.9%CO BDL 
Sham 

E + 3 5 7 x 0  BDL 
Sham 

E-35%CO BDL 
Sham 

E + 35%FO BDL 
Sham 

E-35 % FO BDL 
Sham 

Rat chow None 

12 
8 

5 
6 

5 
7 

11 
10 

7 
6 

6 
6 

13 

IU/I 

567 f 45 
247 f 42 

489 f 34 
206 f 35 

663 f 134 
290 i 61 

617 * 62 
256 f 36 

420 i 27 
254 f 39 

571 f 25 
196 i 38 

225 f 26 

mg/dl 

9.5 f 0.9 
0.8 f 0.3 

8.7 f 0.7 
0.4 f 0.1 

9.0 f 0.6 
0.5 f 0.2 

13.0 f 1.4" 
0.6 i 0.1 

9.0 f 0.5 
2.1 f 0.6 

12.3 f 0.5" 
1.6 f 0.2 

0.6 f 0.1 

w 
60.3 f 10.1 
2.2 f 0.8 

52.2 f 2.5 
1.3 f 0.2 

55.2 f 6.1 
2.9 * 0.8 

60.2 f 2.7 
2.8 * 0.2 

65.3 f 5.5 
1.4 f 0.3 

66.7 * 5.5 
2.1 ~t 0.3 

1.6 f 0.3 

IU/l 

184 f 9 
44 f 7 

217 f 28 
44 f. 7 

231 f 18 
48 * 9 

223 i 14 
59 f 13 

155 i 12 
64 f 9 

178 f 28 
43 f 5 

38 * 4 

All values mean i SEM. Values for each variable from BDL rats were significantly (P < 0.05) higher com- 

"P < 0.05 by ANOVA vs. other BDL groups. 
pared to sham rats in same dietary group and compared to control rats. 
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TABLE 6. Correlations between mitochondrial lipid peroxidation 
and indices of hepatic injury in experimental rats 

Mitochondrial 
Mitochondrial Lipid-Conjugated 

TBARS Dienes 
Liver Injury 

Indices r Value PValue r Value PValue 

Serum total bilirubin 0.79 0.0001 0.64 0.0001 
Serum alkaline phosphatase 0.63 0.0001 0.49 0.001 
Serum ALT 0.75 0.0001 0.63 0.0001 
Serum cholylglycine 0.74 0.0001 0.56 0.0001 

Correlations were calculated by linear regression analysis using data 
points from all groups of experimental animals. 

BDL rat groups compared to sham-operated rats. Of in- 
terest were the significant correlations between the degree 
of lipid peroxidation and the biochemical markers of the 
severity of hepatic injury (Table 6) ,  suggesting that oxi- 
dant damage paralleled the cholestatic injury to hepato- 
cytes. This study was not designed to conclusively 
determine whether lipid peroxidation was involved in the 
pathogenesis or, alternatively, occurred as a consequence 
of hepatocyte injury in this animal model. However, 
mitochondrial lipid peroxidation in other animal models 
of liver injury has been associated with a wide range of 
functional consequences that may impair cellular energy 
metabolism and viability (reviewed in ref. 39). Peroxida- 
tion of phospholipid fatty acids may perturb cellular func- 
tion by altering membrane permeability and changing the 
activity of lipid-dependent membrane enzymes (40). In 
addition, aldehyde products of lipid peroxidation (e.g., 4- 
hydroxynonenal) may exhibit cytotoxic properties of their 
own (41). Specific examples of mitochondrial alterations 
associated with lipid peroxidation caused by oxidant 
stresses include mitochondrial swelling (42), decreased 
transmembrane potential (43), decreased respiratory con- 
trol ratio (44, 45), uncoupling of oxidative phosphoryla- 
tion (46), and depression of cytochrome C oxidase activity 
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p=o.o001 
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Fig. 1. Relationship between serum alkaline phosphatase level and 
concentration of hepatic mitochondrial TBARS from rats on various 
diets 17 days after bile duct ligation (solid circles) or sham surgery (open 
circles). Solid line represents regression line. 
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Fig. 2. Relationship between serum total bilirubin level and concen- 
tration of hepatic mitochondrial TBARS from rats on various diets 17 
days after bile duct ligation (solid circles) or sham surgery (open circles). 

(47). The functional consequences of mitochondrial lipid 
peroxidation in the BDL model of cholestasis are current- 
ly under investigation. 

An additional important effect of lipid peroxidation 
during hepatic injury may be the stimulation of fibrogene- 
sis. Chojkier et al. (48) and Houglum, Brenner, and 
Chojkier (49) have recently shown that iron-induced lipid 
peroxidation increased collagen gene transcription and 
collagen synthesis in cultured human fibroblasts, and that 
a-tocopherol prevented the generation of lipid peroxide 
products and collagen gene expression (49). Thus, lipid 
peroxide may be one of the signals from injured hepato- 
cytes that stimulate collagen synthesis, thus linking hepa- 
tocellular injury to hepatic fibrosis. Although collagen 
synthesis has not been formally studied in the BDL 
model, periportal fibrosis and cirrhosis ultimately lead to 
the demise of BDL rats (3). 

To establish that free radical injury and lipid peroxida- 
tion play a role in cholestatic liver injury, it will be 
necessary to demonstrate that inhibitors of free radical 
generation or free radical scavengers can ameliorate the 
hepatic injury as well as reduce lipid peroxidation. Pre- 
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Fig. 3. Relationship between serum alkaline phosphatase level and 
mitochondrial lipid-conjugated dienes from rats on various diets 17 days 
after bile duct ligation (solid circles) or sham surgery (open circles). 
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Fig. 4. Relationship between serum ALT level and mitochondrial 
lipid-conjugated dienes from rats on various diets 17 days after bile duct 
ligation (solid circles) or sham surgery (open circles). 

liminary studies from our laboratory using the iron- 
chelating agent deferoxamine as a free radical inhibitor 
have demonstrated reduced hepatic injury, diminished 
lipid peroxidation, and improvement of the histological 
lesion in BDL rats (50). Further studies in this area of in- 
vestigation are needed to characterize the mechanism by 
which free radicals are generated during cholestasis and 
to determine whether therapy to inhibit these processes 
may offer long-term beneficial effects. 

A second objective of our study was to determine the 
effect of n-3 fatty acid supplementation on the hepatic in- 
jury and lipid peroxidation of mitochondria in the BDL 
rat. Our data demonstrate that n-3 fatty acid supplemen- 
tation does not ameliorate the cholestatic injury caused by 
BDL in either E +  or E- rats, and that n-3 fatty acids 
promote lipid peroxidation in E- BDL rats as effectively 
as n-6 fatty acids. If lipid peroxidation of mitochondria 
is indeed deleterious to the hepatocyte, then n-3 fatty acid 
supplementation may exacerbate cholestatic injury. Thus, 
caution should be exercised in recommending fish oil sup- 
plements to humans with cholestatic liver disease until 
studies clearly demonstrate the safety and efficacy of this 
treatment. 

Our findings of increased hepatic and mitochondrial 
injury in rats consuming a high lipid diet are similar to 
observations made in animal models of alcoholic liver in- 
jury, another pathologic state wherein involvement of free 
radicals has been postulated (51). Studies have demon- 
strated a direct relationship between the amount of 
dietary corn oil (up to 35% of ingested calories) in 
ethanol-treated rats and the severity of hepatic steatosis 
(52-54), zonal necrosis (53, 54), and centrilobular fibrosis 
(53, 54). In addition, a diet containing 41% lipid versus 
10% lipid calories in chronic ethanol-treated rats resulted 
in abnormalities in mitochondrial respiratory function 
(55). Moreover, Nanji and French (56) found that the 
mortality rates due to alcoholic cirrhosis in 17 countries 
correlated with the per capita consumption of polyun- 
saturated fats. Thus, intake of polyunsaturated fatty acids 

may be an essential factor in the pathogenesis of alcoholic 
liver disease; however, its relation to mitochondrial lipid 
peroxidation in that condition has not been evaluated. 

In our study, there were no significant increases in 
lipid-conjugated dienes or TBARS in sham-operated rats 
receiving the E-35%CO or E-35%FO diets in contrast to 
the BDL rats receiving these diets. Thus, lipid peroxida- 
tion of hepatic mitochondria is not promoted merely by 
alteration of fatty acid substrate and antioxidant levels, 
but rather requires a stimulus for oxidant stress that ex- 
ceeds the free radical scavenging capability of the hepato- 
cyte. Our study suggests that cholestasis produced by 
BDL leads to free radical generation and the resulting 
lipid peroxidation parallels the extent of hepatocyte 
cholestatic injury. Characterization of the mechanisms by 
which cholestasis produces an oxidant stress and the role 
of oxidative damage to hepatic mitochondria in the patho- 
genesis of cholestatic injury require further investiga- 
tion. 

Supported in part by National Institutes of Health grants R29- 
DK 38446 and IP 30 AM 34914, and the Abby Bennett Liver 
Research Fund. 
Manuscript received 1 April 1991 and in miudfonn 20 May 1991. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

REFERENCES 

Seto, Y., T. Nakashima, T. Nakajima, T. Shima, Y. Saka- 
moto, T. Okuno, and T. Takino. 1988. Involvement of ox- 
ygen radicals in bile acid-induced hepatocytes injury. Hejm- 
tology. 8: 1452. (Abstract). 
Dahm, L. J., J. A. Hewett, and R. A. Roth. 1988. Bile &d 
bile salts potentiate superoxide anion release from activated 
rat peritoneal neutrophils. Exicol. Appl. Pharmacol. 95: 

Cameron, G. R., and C. L. Oakley. 1932. Ligation of the 
common bile duct. J.  Pathol. BactCriol. 35: 769-798. 
Kountouras, J., B. H. Billing, and P. J. Scheuer. 1984. Pro- 
longed bile duct obstruction: a new experimental model for 
cirrhosis in the liver. Br. J.  Exp. Pathol. 65: 305-311. 
Scheuer, P. J. 1980. Liver Biopsy Interpretation. Bailliere 
Tindall, London. 36-59. 
Togashi, H., H. Shinzawa, H. Wakabayoshi, T. Nakamura, 
N. Yamada, T. Takahashi, and M. Ishikawa. 1990. Ac- 
tivities of free oxygen radical scavenger enzymes in human 
liver. J.  Hepatol. 11: 200-205. 
Deems, R. G., L. S. Friedman, M. I. Friedman, S. J. 
Munoz, and W. C. Maddrey. 1989. Alkaline phosphatase 
and bilirubin are related to dietary fat intake in cholestatic 
liver disease. Gastmentmlogy. 96: A591. (Abstract). 
Iritani, N., E. Fukuda, and Y. Kitamura. 1980. Effect of 
corn oil feeding on lipid peroxidation in rats. J.  Nutr. 110 

Lemonnier, F., D. Crested, M. Feueant, M. Couturier, 0. 
Bernard, and D. Alagille. 1987. Plasma lipid peroxides in 
cholestatic children. Acta. Paediatr. Scand. 76: 928-934. 
Sokol, R. J., M. Devereaux, G. W. Mierau, K. M. Ham- 
bidge, and R. H. Shikes. 1990. Oxidant injury to hepatic 
mitochondrial lipids in rats with dietary copper overload. 
Modification by vitamin E deficiency. Cartmmtemlogy. 9 9  

82-92. 

924-930. 

1061-1071. 

Sokol, Deuereaux, and Khandwala Mitochondrial lipid peroxidation and cholataris 1355 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

Bacon,. B. R., C. H. Park, G. M. Brittenham, R. ONeill, 
and A. S. Tavill. 1985. Hepatic mitochondrial oxidative 
metabolism in rats with chronic dietary iron overload. 
Hepatology. 5: 789-797. 
McMurray, C. H., D. A. Rice, and S. Kennedy. 1983. Ex- 
perimental models for nutritional myopathy. In Biology of 
Vitamin E. CIBA Foundation, London. 201-218. 
Tappel, A. L. 1980. Vitamin E and selenium protection 
from in vivo lipid peroxidation. Ann. NI: Acad. Sci. 355: 

Sokd, R. J., J. E. Heubi, S. Iannaccone, K. E. Bove, and 
W. F. Balistreri. 1983. Mechanism causing vitamin E defi- 
ciency during chronic childhood cholestasis. Gastroenterology, 

Munoz, S. J., J. E. Heubi, W. F. Balistreri, and W. C. Mad- 
drey. 1989. Vitamin E deficiency in primary biliary cirrho- 
sis: gastrointestinal malabsorption, frequency, and relation- 
ship .to other lipid-soluble vitamins. Hepatology. 9: 525-531. 
Sokol, R. J., W. F. Balistreri, J. H. Hoofnagle, and E. A. 
Jones. 1985. Vitamin E deficiency in adults with chronic 
liver disease. Am. J.  Clin. Nutr 41: 66-72. 
Guggenheim, M. A., V. Jackson, J. R. Lilly, and A. Silver- 
man. 1983. Vitamin E deficiency and neurologic disease in 
children with cholestasis. A prospective study. J.  Pediatz 
102: 577-579. 
Tazawa, Y., M. Nakagawa, M. Yamada, T. Konno, K. 
Tada, R. Ohi, and M. Kasai. 1984. Serum vitamin E levels 
in children with corrected biliary atresia. Am. J.  Clin. Nutz 

Sokol, R. J., M. A. Guggenheim, J. E. Heubi, S. T. Ianna- 
conne, N. Butler-Simon, V. Jackson, C. Miller, M. Cheney, 
W. p. Balistreri, and A. Silverman. 1985. Frequency and 
clinical progression of the vitamin E deficiency neurologic 
disorder in children with prolonged neonatal cholestasis. 
Am. J.  Dis. Child. 139: 211-1215. 
Sokol, R. J., Y. S. Kim, J. H. Hoofnagle, J. E. Heubi, 
E. A. Jones, and W. F. Balistreri. 1989. Intestin4,malab- 
sorption of vitamin E in primary biliary cirrhosis. Gas- 
troenterology. 96: 479-486. 
Arria, A. M., R. E. Tarter, V. Warty, and D. M. Van Thiel. 
1990. Vitamin I$ deficieqcy and psychomotor performance 
in adults with primary biliary cirrhosis. Am. J. Clin. Nutz 

Rosenblum, J., J. P. Keating, A.,Prensky, and J. S. Nelson. 
1981. A prsgressive neurologic syndrome in children with 
chronic liver disease. N. Engl. J.  Med. 304: 503-508. 
Sokol, R. J. 1990. Vitamin Eland neyrologic deficits. Adv. 
Pediatz 37: 119-148. 
Visser, J. J., and S. q i j e r .  1990; qietary supplementation 
with u3 polyunSaturated fatt,,: acids from fish oil in chronic 
liver disease. Hepatology. 11: 1096-1097. 
Yetiz, J. Z. 1988. Clinical applications of fish oils. JAMA. 
260: 665-670. 
Endres, S., R. Ghorb.ani, V. E. Kelley, K. Georgilis, G. 
Lonneman, I. W. VanderMeen, J. G. Cannon, T. S. 
Rogers, M. S. Klemper, P. C. Weber, E. J. Schaefer, S. M. 
Wolff, pnd C. A. Dinarello. 1989. The effect of dietary sup- 
plementation with n-3 polyunsaturated fatty acids on the 
synthesis of interleukin-1 and tumor necrosis factor by 
mononuclear cells. N. Engl. J.  Med. 320: 265-271. 
Billiqr, T. R., P. E. Bankey, B. A. Svingen, D. Curran, 
M. A. West, R. T. Holman, R. L. Simmons, and F. B. 
Cerra. 1988. Fatty acid uptake and Kupffer cell function: 
fish oil alters eicosanoid and monokine production to endo- 
toxin stimulation. Tyrgey. 104: 343-349. 

18-31. 

85: 1172-1182. 

40: 246-250. 

52: 383-390. 

28. Kools, A. M., J. G. Straka, H. D. Hill, D. I. Whitmer, 
R. T. Holman, and J. R. Bloomer. 1989. Modulation of 
hepatic ferrochelatase activity by dietary manipulation of 
mitochondrial phospholipid fatty acyl group. Hepatology. 9 

29. Miller, P., S. Weiss, and M. Cornell. 1978. Specific lZ5I 
serum bile acid raidoimmunoassay for cholylglycine. Clin. 

30. Bieri, J. G., T. J. Tolliver, and G. L. Catignani. 1979. 
Simultaneous determination of alpha-tocopherol and 
retinol in plasma or red cells by high pressure liquid chro- 
matography. Am. J.  Clin. Nutr 32: 2143-2149. 
Horwitt, M. K., C. C. Harvey, C. H. Dahm, and M. T. 
Searcy. 1972. Relationship between tocopherol and serum 
lipid levels for determination of nutritional adequacy. Ann. 
NI:  Acd. Sci. 203: 223-236. 

32. Heubi, J. E., R. J. Sokol, and C. A. McGraw. 1990. Com- 
parison of total serum lipids measured by two methods. J.  
Pediatr Gastroenteml. Nutr 10: 468-472. 

33. Kayden, H. J., L. J. Hatam, and M. G. Traber. 1983. The 
measurement of nanograms of tocopherol from needle 
aspiration biopsies of adipose tissue: normal and abetalipo- 
proteinemic patients. J.  Lipid Res. 24: 652-656. 

34. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Ran- 
dall. 1951. Protein measurement with the Folin phenol rea- 
gent.J. Biol. Chem. 193: 265-275. 

35. Baron, J., and T. R. Tephly. 1969. Effect of 3-amino-1,2,4- 
triazole on the stimulation of hepatic microsomal oxidases 
produced by phenobarbitol. Mol. Phamcol. 5: 10-20. 

36. Zysset, T., E. Sutherland, and F. R. Simon. 1983. Studies 
on the differences in NaK-ATPase and lipid properties of 
liver plasma membranes in long sleep and short sleep mice. 
Alcoholism. 7: 85-92. 

37. Scalera, V., C. Storelli, C. Storelli-Joss, W. Haase, and H. 
Murer. 1980. A simple and fast method for the isolation of 
basolateral plasma membranes from rat small-intestinal 
epithelial cells. Biochem. J.  186: 177-181. 

38. Arbough, B. A. M., H. Glaumann, and J. L. E. Ericsson. 
1974. Studies on iron loading of rat liver lysosomes. 
Chemical and enzymic composition. Lab. Invest. 30: 
674-680. 

39. Vladimirov, Y. A., V. I. Olenev, T. B. Suslova, and Z. P. 
Cheremisina. 1980. Lipid peroxidation in mitochondrial 
membrane. Ado. Lipid Res. 17: 173-249. 

40. Recknagel, R. O., and E. A. Glende, Jr. 1977. Lipid perox- 
idation: a specific form of cellular energy. In Handbook of 
Physiology. D. H. K. Lee, editor. American Physiological 
Society, Bethesda, MD. 591-601. 

41. Benedetti, A,, M. Comporti, and H. Esterbauer. 1980. 
Identification of 4-hydroxynonenal as a cytotoxic product 
originating from the peroxidation of liver microsomal 
lipids. Biochim. Biophys. Acta. 620: 281-296. 

42. Hunter, H.  E., J. M. Gebicki and P. E. Hoffsten. 1963. 
Swelling and lysis of rat liver mitochondria induced by fer- 
rous iron. J.  Biol. Chem. 238: 828-835. 

43. Marshansky, V. N., S. A. Novgordov, and L. S. Yaguzhin- 
sky. 1983. The role of lipid peroxidation in the induction of 
cation transport in rat liver mitochondria: the antioxidant 
effect of oligomycin and dicyclohexylcarbodiimide. FEBS 
Lett. 158: 27-30. 
Bacon, B. R., R. ONeill, and C. H. Park. 1986. Iron- 
induced peroxidative injury to isolated rat hepatic 
mitochondria. J.  Free Rad Biol. Med. 2: 339-347. 
Bacon, B. R., C. H. Park, G. M. Brittenham, R. ONeill, 
and A. S. Tavill. 1985. Hepatic mitochondrial oxidative 

557-561. 

Chem. 24: 999-1000. 

31. 

44. 

45. 

1356 Journal of Lipid Research Volume 32, 1991 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


metabolism in rats with chronic dietary iron overload. 
Hcpatology. 5: 789-797. 

46. McKnight, R. C., and F. E. Hunter. 1966. Mitochondrial 
membrane ghosts produced by lipid peroxidation induced 
by ferrous ion. 11. Composition and enzymatic activity. J.  
Biol. Chcm. 241: 2757-2765. 

47. Bacon, B. R., N. Dalton, and R. ONeill. 1987. Effects of 
iron overload on hepatic mitochondrial cytochromes, ox- 
idaseslreductases, and oxidative metabolism. Hcpatology. 7: 
1027 (Abstract). 

48. Chojkier, M., K. Houglum, J. Solis-Herruzo, and D. A. 
Brenner. 1989. Stimulation of collagen gene expression by 
ascorbic acid in cultured human fibroblasts. A role for lipid 
peroxidation? J.  Biol. Chm. 264: 16957-16962. 

49. Houglum, K., D. A. Brenner, and M. Chojkier. 1989. 
Modulation of collagen gene expression by lipid peroxida- 
tion. Hepatology. 10: 617 (abstract). 

50. Sokol, R. J., M. W. Devereaux, R. A. Khandwala, and R. 
Shikes. 1990. Deferoxamine reduces cholestatic and ox- 
idative hepatic injury in bile duct-ligated rats. Hcpatohgy. 
12: 814 (Abstract). 

51. Rouach, H., M. Clement, M-T. Orfanelli, B. Janvier, J. 
Nordmann, and R. Nordmann. 1983. Hepatic lipid perox- 
idation and mitochondrial susceptibility to peroxidative at- 
tacks during ethanol inhalation and withdrawal. Biochim. 
Biopbs. Acta. 753: 439-444. 

52. Lieber, C. S., and L. M. De Carli. 1970. Quantitative rela- 
tionship between amount of dietary fat and severity of alco- 
holic fatty liver. Am. J Clin. Nutr. 23: 474-478. 

53. Tsukamoto, H., S. J. Towner, L. E Ciofalo, and S. W. Fren- 
ch. 1986. Ethanol-induced liver fibrosis in rats fed high fat 
diet. Hcpology. 5: 814-822. 

54. French, S. W., K. Miyamoto, and H. S. Tsukamoto. 1986. 
Ethanol-induced hepatic fibrosis in the rat: role of the 
amount of dietary fat. Alcoholism. 10: 13s-19s. 

55. Wahid, S., J. M. Khanna, F. J. Carmichael, and Y. Israel. 
1980. Mitochondrial function following chronic ethanol 
treatment: effect of diet. Res. Commun. Chem. Pathol. Pharma- 

56. Nanji, A. A., and S.  W. French. 1986. Dietary factors and 
alcoholic cirrhosis. Alcoholism. 10: 271 -273. 

601. 30: 477-491. 

Sokol, Dcvereaux, and Khandwala Mitochondrial lipid peroxidation and cholestasis 1357 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

