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Abstract: Conjugated linoleic acid (CLA) is a collective term for the positional and geometric isomers
of a conjugated diene of linoleic acid (C18:2, n-6). The aims of the present study were to evaluate
whether levels of hepatic a-tocopherol, a-tocopherol transfer protein (a-TTP), and antioxidant
enzymes in mice were affected by a CLA-supplemented diet. C57BL/6 J mice were divided into the
CLA and control groups, which were fed, respectively, a 5% fat diet with or without 1 g/100 g of CLA
(1:1 mixture of cis-9, trans-11 and trans-10, cis-12) for four weeks. a-Tocopherol levels in plasma and
liver were significantly higher in the CLA group than in the control group. Liver a-TTP levels were also
significantly increased in the CLA group, the a-TTP/b-actin ratio being 2.5-fold higher than that in
control mice (p<0.01). Thiobarbituric acid-reactive substances were significantly decreased in the CLA
group (p<0.01). There were no significant differences between the two groups in levels of three
antioxidant enzymes (superoxide dismutase, glutathione peroxidase, and catalase). The accumulation
of liver a-tocopherol seen with the CLA diet can be attributed to the antioxidant potential of CLA and
the ability of a-TTP induction. The lack of changes in antioxidant enzyme protein levels and the reduced
lipid peroxidation in the liver of CLA mice are due to a-tocopherol accumulation.
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Introduction

Vitamin E is a well-known lipid-soluble antioxidant
in the body and a-tocopherol is the form most active
in preventing lipid peroxidation of biological mem-
branes. The tissues preferentially retain a-tocopherol
because of its specific affinity for a-tocopherol trans-
fer protein (a-TTP) in the liver [1]. a-TTP is a
cytosolic protein with a molecular weight of ~33 kDa
and, in mammals, is predominantly expressed in the
liver [2,3]. Humans with a defective a-TTP gene have
extraordinarily low plasma levels of a-tocopherol
[4 – 6]. a-TTP-null and heterozygous mice have lower
a-tocopherol levels in the plasma and tissues com-
pared to wild-type mice [7,8]. Since a-TTP is thought
to be important in the homeostasis of plasma a-
tocopherol, changes in its expression would affect
plasma a-tocopherol levels, leading to a redistribu-
tion from the liver to the peripheral tissues. Studies of
the regulation of hepatic a-TTP by dietary vitamin E
have given inconsistent results. Animals fed a high-
dose vitamin E-supplemented diet show a reduction
[9], a slight increase [10], or no change [11] in hepatic
a-TTP mRNA and protein levels. In rats fed a vitamin
E-deficient diet, hepatic a-TTP mRNA is induced,
but protein levels are unchanged [9]. In our previous
study in vitamin E-deficient rats [11], no change was
seen in hepatic a-TTP mRNA levels, but protein
levels were reduced. Oxidative stress caused by
hyperoxia is also reported to regulate a-TTP protein
in rats [12].

Conjugated linoleic acid (CLA) is a collective term
for the positional and geometric isomers of a
conjugated diene of linoleic acid (C18:2, n-6). Diet-
ary CLA has diverse physiological functions, such as
providing an anticarcinogenic effect, reducing the
risk of atherosclerosis, and reducing body fat [13].
CLA has also been reported to have antioxidant or
pro-oxidant properties [14]. A CLA-containing diet
was found to reduce liver lipid peroxidation in hens
[15] and rats [16,17] and increase liver total reduced
glutathione in mice [18]. In rats fed a CLA-supple-
mented diet, liver thiobarbituric acid-reactive sub-
stances (TBARS), an index of lipid peroxidation,
were found to be either unchanged [19] or increased
[20]. However, little information is available on liver
vitamin E levels in rats fed CLA. Since the plasma
tocopherol/total cholesterol ratio in hamsters fed
CLAwas increased when no tocopherol was added to
the diet, Nicolosi et al. [21] suggested that CLA has an
a-tocopherol-sparing effect. Since plasma vitamin E
is secreted with lipids in a lipoprotein fraction from
the liver and since a-TTP mediates the transfer of a-

tocopherol for very-low density lipoprotein (VLDL)
packaging [22 –24], we hypothesized that the hepatic
vitamin E status and a-TTP levels would be affected
by CLA. Mice are reported to be more sensitive than
other rodents to the effect of CLA on lipid metab-
olism, insulin resistance, and induction of fatty liver
[25]. Because the fatty liver is highly vulnerable to
oxidative damage and shows higher lipid peroxida-
tion and hepatic injury [26 –28], we speculated that a
CLA diet would also influence liver vitamin E levels
and a-TTP. In our previous study, an increase of
hepatic a-tocopherol concentration in CLA-fed mice
was noticed [29]. Therefore, the CLA effect on a-
tocopherol levels, a-TTP, and antioxidant enzymes in
the liver were further examined in the present study.

Materials and Methods

Animals and diets

Seven-week-old male C57BL/6 J mice were pur-
chased from the Laboratory Animal Center of the
National Science Council (Taipei, Taiwan) and
housed individually in stainless steel wire cages in a
room maintained at 23�2 8C, with a controlled 12-
hour light:dark cycle and free access to food and tap
water. Body weight and food intake were recorded
weekly. The mice were divided into two groups and
fed either AIN-76 diet containing 5 % lipid as
soybean oil alone (control group) or 4% soybean
oil supplemented with 1% CLA (CLA group).
According to the manufacturer (Maypro, Purchase,
NY, USA), the CLA used was 80% pure and
contained equal amounts of the two isomers, cis-9,
trans-11 and trans-10, cis-12. The protocols for animal
care and handling were approved by the Institutional
Animal Care and Use Committee (IACUC) of the
China Medical University.

Tissue sampling and preparation

After 4 weeks of feeding, food was withheld over-
night, then the mice were killed by carbon dioxide
asphyxiation and the liver and adipose tissue (retro-
peritoneal fat) were excised and weighed. A small
piece of fresh liver was homogenized in ice-cold
0.01 mol/L phosphate buffer, pH 7.4, containing
0.118 mol/L KCl using a Potter-Elvehjem-type ho-
mogenizer with a Teflon pestle. The homogenate was
centrifuged at 100,000 � g at 4 8C for 1 hour. The
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supernatant was stored at -70 8C for Western blot
analysis.

Biochemical analysis

The concentration of a-tocopherol in plasma, liver, or
adipose tissue homogenate was analyzed by high-
pressure liquid chromatography (HPLC) as descri-
bed previously [30]. TBARS levels measured in the
liver homogenate were used as an index of lipid
peroxidation [31] according to the method of Oteiza
et al. [32]. Liver triglycerides were extracted using a
2:1 v/v mixture of chloroform/methanol containing
1% Triton X-100 and measured by enzymatic meth-
ods using commercial kits (Randox Lab, Crumlin,
Northland, UK).

Western blot analysis

The primary antibodies against a-TTP were prepared
as previously described [11] except they were raised
in a rabbit instead of BALB/c mice. Primary anti-
bodies against enzymes were purchased from Abcam
(UK), and HRP-Goat Anti-Rabbit IgG(H+L)Con-
jugate was used as the secondary antibody (Zymed
Co.). Aliquots of the liver cytosolic fraction contain-
ing 10 mg of protein were separated by SDS-poly-
acrylamide gel electrophoresis and transferred to a
PVDF membrane, which was then incubated over-
night at 4 8C with blocking buffer (0.25 % gelatin, 0.15
M NaCl, 5 mM EDTA, 0.05 % Tween 20, 50 mM Tris,
pH 8.0). The proteins on the membrane were
immunostained for 1 hour at room temperature
using antibodies against a-TTP, superoxide dismu-
tase (SOD), glutathione peroxidase (GPx), or cata-
lase. After 3 washes with washing buffer (PBS
containing 0.05 % Tween 20, pH 7.0), the membranes
were incubated with secondary antibody at room
temperature for 1 hour, then washed 3 times, and the
signal visualized by reaction with ECL-plus substrate
(Amersham) for 20– 40 seconds.

Statistical analysis

Data are expressed as the mean �SD. Statistical
analysis was carried out using Student�s t-test and
differences were considered significant at p<0.05.

Results

Animal growth

As shown in Table I, the final body weights, food
intake, and feed efficiency were significantly reduced
in mice fed with CLA diet. The liver weights in the
CLA mice were significantly higher than those in the
control group (p<0.001).

a�Tocopherol levels in dietary oils, plasma, and
adipose tissue of animals

As shown in Table II, the a-tocopherol levels in
soybean oil was about 2.1 times higher than that in
CLA capsules. Since the main source of dietary
vitamin E comes from Vitamin mixture, (all-rac-a-
tocopherol acetate 5 IU/g mixture, 50 IU/kg diet), the
a-tocopherol that comes from oil in the control diet
(5% soybean oil supplied about 1.86 mg/kg diet) was
comparable with that from 4 % soybean oil plus 1%
CLA (about 1.66 mg/kg diet) in the CLA diet. Plasma
a-tocopherol levels were significantly higher in the
CLA group than in the control group (Figure 1 A). In
the CLA group, the a-tocopherol concentration of
adipose tissue was higher than that in the control
group, but the difference was not statistically signifi-
cant (Figure 1B).

Table I: Initial and final body weights, food intake, feed efficiency, and liver weight of mice fed the 1 % CLA or control diet

Initial weight
(g)

Final weight
(g)

Food intake
(g/day)

Feed efficiency
(g/g)

Liver weight
(g)

Control 18.00�0.91 26.00�1.55 0.35�0.05 0.075�0.01 0.933�0.088

CLA 17.68�1.25 22.09�1.43* 0.19�0.09* 0.049�0.02* 1.497�0.353*

Each value is the mean�SD (n=8 for control group, n=11 for CLA group). * denotes p<0.05.

Table II: Vitamin E levels in soybean oil and CLA

a-Tocopherol g-Tocopherol

ug/g oil

Soybean oil 37.18 155.29

CLA 16.95 45.89
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Liver a-tocopherol, triglyceride, and a-tocopherol
transfer protein

Because of the higher liver weight of the CLA mice,
liver a-tocopherol levels were expressed as per gram
liver weight (Figure 2 A) and also as total liver a-
tocopherol content (Figure 2B). Both were signifi-
cantly higher in the CLA group by a factor of about
13-fold and 21-fold, respectively. The CLA mice
showed liver steatosis, as evidenced by triglyceride
accumulation (Figure 2C). Since a-tocopherol is an
important lipid-soluble antioxidant, the a-tocopher-
ol/triglyceride molar ratio was calculated. As shown
in Figure 1D, the CLA diet caused an increase in this
ratio of about 15-fold (p<0.001). Protein levels of
liver a-TTP were analyzed by Western blotting. As
shown in Figure 3, a-TTP levels were significantly
increased in the CLA group, the intensity ratio for the
a-TTP to b-actin bands being 2.5-fold higher in the
CLA mice (p<0.01).

Liver TBARS and antioxidant enzyme
proteins

As shown in Figure 4 A, liver TBARS levels in the
CLA group were decreased significantly (p<0.01).
Levels of the antioxidant enzymes SOD, GPx, and
catalase that were analyzed by Western blotting did
not differ significantly between the two groups
(Figures 4B-D). This shows that the CLA mice had
lower lipid peroxidation when expressed as TBARS
without inducing expression of these antioxidant
enzymes in the liver.

Discussion

A larger liver weight due to fatty liver was observed in
the CLA mice, as in other reports [33,34]. Cl�ment et
al. [35] suggested that t10, c12 CLA was the major
form of CLA which developed fatty liver by trigger-

Figure 1: The concentration of a-tocopherol
in (A) plasma and (B) adipose tissue in con-
trol and CLA-supplemented mice. (Values
are mean�SD, n=6 for control group, n=5
for CLA group). ** p<0.001.

Figure 2: Hepatic tocopherol and tri-
glyceride levels in control and CLA-supple-
mented mice. (A) Liver a-tocopherol levels
expressed as nmol/g liver. (B) Total a-toco-
pherol amounts in the whole liver (n=8 for
control group, n=11 for CLA group). (C)
Liver triglyceride levels. (D) Molar ratio of
a-tocopherol to triglyceride in the liver.
(Values are means�SD, n=8 for control
group, n=11 for CLA group in A and B; n=6
for CLA group in C and D). ** p<0.001, ***
p<0.0001.
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ing the peroxisome proliferator-activated receptor-
gamma (PPARg)-activation and inducing the expres-
sion of the fatty acid synthase genes. In our previous
study [29], the liver lipogenesis was found to be
enhanced by the increased sterol regulatory element
binding protein-1c (SREBP-1c) and TNF receptor
superfamily member 6 (FAS) mRNA levels in CLA-
fed mice and thus leading to liver steatosis.

Fatty livers are generally highly vulnerable to
oxidative damage, resulting in high lipid peroxidation
and hepatic injury [26–28]. In contrast, in this study,
lower liver TBARS levels and higher liver a-toco-
pherol levels were observed with fatty liver in the
CLA mice. Hepatic vitamin E levels are thought to
correlate with hepatic lipid levels. Since increased
liver a-tocopherol levels are seen in obese mice with
fatty liver [36], the a-tocopherol/triglyceride ratio

was calculated and was found to be almost 15-fold
higher in the CLA mice than in the control group,
whereas liver triglyceride levels in the CLA mice
were only about 2-fold higher than in the control
group, showing a much greater increase in a-toco-
pherol than triglyceride. This suggests that the
accumulation of high levels of vitamin E in the
CLA mice cannot be fully explained by the close
correlation between vitamin E and triglyceride in the
liver. Liver a-tocopherol levels were increased 13-
fold in CLA mice. The food intake of the CLA group
was only half that of the control group, so this could
not be the reason for the higher liver vitamin E levels
in CLA mice.

Vitamin E is a lipid-soluble antioxidant and there
are several reports suggesting that dietary antioxi-
dants can spare liver a-tocopherol due to the

Figure 3: Liver a-tocopherol transfer protein
levels analyzed by Western blotting in control
(C) and CLA supplemented mice. The a-
TTP/b-actin band intensity ratio is the
means�SD. (n=6 for control group, n=7 for
CLA group). * significantly different from the
control group, p<0.01.

Figure 4: Liver TBARS levels and Western
blots for GPx, SOD, and catalase protein
levels in control and CLA-supplemented
mice. (A) TBARS levels in the liver. (B-D)
Representative Western blot results and
summarized results for GPx (B), SOD (C), or
catalase (D). The ratios for the enzyme/b-
actin band intensities are the means�SD.
(n=6 for control group, n=7 for CLA
group). ** significantly different from the
control group, p<0.001.
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reduction in vitamin E consumption. Butylated
hydroxytoluene (BHT) and catechin [37], quercetin
[38], and other flavonoids [39] are all well known
antioxidants that increase a-tocopherol levels in the
liver due to their free radical scavenging capacity. The
antioxidant potential of CLA is well documented.
CLA can protect paraoxonase 1, an antioxidant
enzyme which prevents the formation of oxidized
low-density lipoprotein (LDL) [40]. CLA can be
incorporated into high-density lipoprotein (HDL)
membranes and decrease the oxidative susceptibility
of lipoprotein [21,41]. It also increases the saturated
fatty acid/monounsaturated fatty acid ratio in mem-
branes [15,16]. CLA increases liver reduced gluta-
thione levels by inducing expression of g-glutamyl-
cysteine ligase in the liver [18]. Together, these data
suggest that CLA has antioxidant potential, which
contributes to the increase in a-tocopherol levels in
the liver. The cis-9, trans-11 (c9, t11) and trans-10, cis-
12 (t10, c12) isomers of CLA are usually used in
commercial CLA supplements. Although the c9, t11
CLA isomer has been reported to show more
antioxidant effects than the t10, c12 isomer [42, 43],
it is hard to confirm this result in the present study
because the two CLA isomers were equally mixed.

Changes in liver a-tocopherol can also result from
the degradation of vitamin E. Cytochromes P450 3 A
[44] and 4F2 [45], which have w-hydroxylase activity,
have been reported to be involved in shortening the
phytyl side chain of vitamin E to carboxyethyl
hydroxychrome (CEHC), which is excreted into the
urine. Dietary factors, such as sesamin, the major
nonsaponifiable lipid in sesame seed oil [46], can
increase g-tocopherol levels in rat liver by inhibiting
CYP3 A [47]. g-Tocopherol was found to be a better
substrate of CYP 4F2 than a-tocopherol in the rat
liver microsome system [45]. CLA has been suggest-
ed to be a peroxisome proliferator [48] and to
increase mRNA or protein levels of PPARa targets,
such as the CYP4 family, in mice [48,49]. One might
speculate that a CLA diet activates PPARa and
induces cytochrome P450 (CYP) expression, then
increases tocopherol metabolism in the liver. PPARa
stimulates b-oxidation and fatty acid clearance by the
liver [50], whereas, in our study, fatty liver was
observed with no induction of hepatic PPARa target
gene expression [29]. Thus, the enhancement in
vitamin E metabolism mediated by PPAR activation
seems not to be involved in the a-tocopherol
accumulation in the livers of the CLA mice.

a-TTP has been reported to regulate plasma
vitamin E levels [4 –8] and also to play a role in the
trafficking of vitamin E in the liver [51]. Thus, the

high levels of a-tocopherol in liver, adipose tissue,
and plasma in the CLA mice could possibly be partly
explained by the induction of liver a-TTP. However,
only about a 2-fold increase in a-TTP levels was seen
in the liver in the CLA group, whereas the increase in
a-tocopherol was >13-fold. Bella et al. [10] reported
that, in mice fed a high vitamin E diet, levels of a-
TTP protein were increased only by 20%, whereas
liver a-tocopherol levels were increased 16-fold. In
our previous study [11], a vitamin E-supplemented
diet caused a 14.4-fold and 1.8-fold increase in liver
and plasma a-tocopherol levels, respectively. These
results show that a-TTP seems to be one of the causes
of an increase in the a-tocopherol levels in mice fed a
CLA-containing diet.

The mechanism of regulation of a-TTP expression
is still unclear. Many studies have suggested that a-
TTP is down-regulated by oxidative stress. When rats
are exposed to hyperoxia for 48 hours [12] or are fed a
low-protein diet [11], a-TTP mRNA levels are
reduced and lipid peroxidation is increased. a-TTP
mRNA and protein levels are also reduced in rat
hepatoma [52] and galactosamine-induced liver in-
jury [53]. Reports of induction of a-TTP by dietary
factors are rare. Expression of hepatic a-TTP mRNA
[54] and its protein [10] are induced when rats are fed
a vitamin E-supplemented diet. The present study is
the first to report that CLA causes induction of
hepatic a-TTP and an increase in a-tocopherol levels.
This data show that the regulation of a-TTP could be
mediated by oxidative stress or CLA itself.

GPx, SOD, and catalase are well-known cellular
antioxidant enzymes and changes in enzyme activity
show their adaptation to oxidative stress. Cantwell et
al. [55] found that CLA had an antioxidant enzyme-
sparing effect in hepatocytes by decreasing the
activities of GPx, SOD, and catalase. GPx activity
was reduced and SOD and catalase activities un-
changed in the liver of rats fed a CLA diet [16]. Our
results are similar, as we found that the protein levels
of the three enzymes in the liver were unchanged in
the CLA-fed group, though the activity of the
enzymes was not measured. In our study, vitamin E
accumulation in the liver was also seen in the CLA
mice. Eder et al. [56] found that high vitamin E
supplementation not only increased red blood cell
(RBC) a-tocopherol levels, but also reduced RBC
GPx, SOD, and catalase activity without affecting
hemolysis. This suggests that high vitamin E levels in
tissues protects them from lipid peroxidation and
spares the antioxidant enzymes, and this could also
explain our observations. Ban [12] reported that
exposure to hyperoxia reduced a-TTP mRNA levels,
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but had no effect on SOD protein and mRNA levels,
suggesting that SOD is more stable than a-TTP. In a-
TTP null mice, levels of SOD and GPx were again
unchanged, although expression of the glutathione-S-
transferase gene was induced [57]. These results
suggest that the regulation of antioxidant enzymes is
a-TTP independent.

In conclusion, a CLA diet for mice resulted in
induction of a-TTP expression, accumulation of a-
tocopherol in the liver, and a decrease in liver lipid
peroxidation expressed as TBARS, but had no effect
on antioxidant enzyme protein levels. The liver a-
tocopherol accumulation effect seen with the CLA
diet can be attributed to the antioxidant potential of
CLA and the induction of a-TTP protein. It is
hypothesized that the lack of change in antioxidant
enzymes and reduced lipid peroxidation in CLA mice
were due to a-tocopherol accumulation in the liver.
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