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a b s t r a c t

The accumulation of toxic hydrophobic bile acids in hepatocytes, observed during chronic cholestasis,
induces substantial modification in the redox state and in mitochondrial functions. Recent reports have
suggested a significant role of impaired lipid metabolism in the progression of chronic cholestasis. In this
work we report that changes observed in the expression of the lipogenic enzymes acetyl-CoA
carboxylase and fatty acid synthase were associated with a decrease in the activity of citrate carrier
(CIC), a protein of the inner mitochondrial membrane closely related to hepatic lipogenesis. We also
verified that the impairment of citrate transport was dependent on modification of the phospholipid
composition of the mitochondrial membrane and on cardiolipin oxidation. Silybin, an extract of
silymarin with antioxidant and anti-inflammatory properties, prevented mitochondrial reactive oxygen
species (ROS) production, cardiolipin oxidation, and CIC failure in cirrhotic livers but did not affect the
expression of lipogenic enzymes. Moreover, supplementation of silybin was also associated with
mitochondrial biogenesis. In conclusion, we demonstrate that chronic cholestasis induces cardiolipin
oxidation that in turn impairs mitochondrial function and further promotes ROS production. The
capacity of silybin to limit mitochondrial failure is part of its hepatoprotective property.

& 2014 Elsevier Inc. All rights reserved.

Cholestasis is the intrahepatic accumulation of potentially toxic
bile acids that occurs in several chronic liver diseases as an effect
of obstruction or destruction of bile ducts [1].

High concentrations of hydrophobic bile acids have been
reported to induce necrosis in primary hepatocytes [1]. We have
previously reported that accumulation of hydrophobic biliary acids
promotes mitochondrial production of reactive oxygen species
(ROS)2 that, in turn, may induce cell death [1]. Owing to their
detergent effect, bile acids also affect mitochondrial membrane
structure and function. In a model of secondary biliary cirrhosis we
have found a dramatic loss in mitochondrial cardiolipin content

and membrane potential due to the impairment of mitochondrial
complex I and II activity [2]. Moreover, in the same model, we have
also demonstrated a severe depletion and deletions of mitochon-
drial DNA (mtDNA) due to decreased mitochondrial turnover [3].

Cholestasis can also affect lipid absorption and metabolism.
Accumulation of bile acids in hepatocytes affects several pathways
involved in lipoprotein metabolism as well as lipoprotein secre-
tion, with a final decrease in high-density lipoprotein level and
appearance of an aberrant lipoprotein X in plasma [4]. Ursodeoxy-
cholic acid improves liver injury also in Abcb4� /� mice, pointing
out the role of lipid metabolism in the progression of cholangio-
pathies and biliary fibrosis [5].

Very recently, we showed that supplementation of silybin to a
standard diet significantly reduces necrosis, inflammation, and
fibrosis in an animal model of chronic cholestasis and that such
positive effect is correlated with a potential regulatory role of
silybin in the phospholipid remodeling pathway [6].

The citrate carrier (CIC) is a nuclear-encoded protein located in
the inner mitochondrial membrane that plays an important role in
hepatic lipogenesis. In fact, by transporting acetyl-CoA (in the form
of citrate) from the mitochondria to the cytosol it provides a
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carbon source for fatty acid and cholesterol synthesis [7]. It has
been demonstrated that CIC activity is enhanced in hyperthyroid-
ism and cancer and is significantly reduced during starvation, in
diabetic rats, and in rats fed a polyunsaturated fatty acid-enriched
diet [7]. Moreover, molecular studies suggest that CIC activity
is mainly regulated by transcriptional and posttranscriptional
mechanisms [7].

In this study we aimed to verify the role of mitochondrial
dysfunction and CIC in the alteration of lipid metabolism observed
in biliary cirrhosis. We also aimed to verify the capacity of silybin
to limit the impairment of mitochondrial function and to restore
lipid metabolism.

Materials and methods

Materials

A Bio-Rad protein assay kit was purchased (Bio-Rad Labora-
tories, Hercules, CA, USA); Amberlite XAD-2, Pipes, Triton X-100,
Triton X-114, Sephadex G-75, 1,2,3-benzenetricarboxylic acid
(1,2,3-BTA), cardiolipin, and primers for real-time PCR were from
Sigma; [1,5-14C]citrate was from Healthcare and egg yolk phos-
pholipids were from Fluka. Acetyl-CoA carboxylase (ACC), fatty
acid synthase (FAS), sterol regulatory element-binding protein-1c
(SREBP-1c), succinate dehydrogenase subunit a (Sdha), and α-
tubulin antibodies were from Millipore. All other reagents were
of analytical grade.

Animal model

Male Wistar rats, weighing 200–250 g, supplied by Harlan Italy
Srl (S. Pietro al Natisone, UD), were housed at 2271 1C with a 12/
12-h light/dark cycle and 30–40% humidity. The animals were
maintained and sacrificed according to the Italian Official State-
ment No. 116/92. Rats were divided into three groups: a group
subjected to bile duct ligation (BDL), a group of control rats
subjected to the entire surgical procedure except for the ligation
(sham), and finally a group of BDL rats treated with silybin (BDL þ
SIL). The duct ligation was performed as previously described [1].
Animals were sacrificed after 28 days by anesthetic overdose.
Rats were fed the standard diet (4RF21; Mucedola Srl, Milan, Italy)
or the standard diet supplemented with silybin (0.4 g/kg MCD
diet) complexed with phospholipids.

Serum bilirubin level was verified at the end of the protocol
and found to be 7.373.3 and 0.570.3 mg/dl in BDL and sham
groups, respectively. The characteristics of liver cirrhosis were
demonstrated as in [1,6].

Measurement of CIC activity in intact mitochondria and in
proteoliposomes

Rat liver mitochondria were prepared by differential centrifu-
gation as previously reported [8]. Mitochondrial protein concen-
tration was determined by the Bradford method [9] with bovine
serum albumin as a standard.

CIC activity was assayed in freshly isolated liver mitochondria
loaded with malate as described in [8]. Reconstitution of CIC
activity in proteoliposomes and CIC activity assay in the recon-
stituted system were as follows: rat liver mitochondria (10–15 mg
proteins) were solubilized with a buffer containing 3% Triton
X-100 (w/v), 20 mM Na2SO4, 1 mM EDTA, 10 mM Pipes, pH 7.0,
at a final concentration of about 10 mg protein/ml. After incuba-
tion for 10 min at 2 1C, the mixture was centrifuged at 25,000 g
for 20 min at 2 1C thereby obtaining a supernatant, referred to
as the mitochondrial extract. The mitochondrial extract was

reconstituted by cyclic removal of detergent [10]. The reconstitu-
tion mixture consisted of protein solution (50 μl, 0.09 mg), 10%
Triton X-114 (75 ml), 10% phospholipids (egg lecithin) as sonicated
liposomes (100 ml), 10 mM citrate, cardiolipin (0.6 mg), 20 mM
Pipes, pH 7.0, and water (final volume, 700 ml). The mixture was
recycled 13 times through an Amberlite column. All operations
were performed at 4 1C, except for the passages through Amber-
lite, which were carried out at room temperature. To measure the
citrate transport, external substrate was removed from the pro-
teoliposomes on Sephadex G-75 columns preequilibrated with
buffer A (50 mM NaCl and 10 mM Pipes, pH 7.0). Transport at 25 1C
was initiated by the addition of 0.15 mM [1,5-14C]citrate to the
eluted proteoliposomes and terminated by the “inhibitor-stop”
method with the addition of 20 mM 1,2,3-BTA [11]. In controls, the
inhibitors were added simultaneously to the labeled substrate.
Finally, the external radioactivity was removed by Sephadex G-75
and radioactivity in the liposomes was measured. Transport
activity was calculated by subtracting the control values from
the experimental values [10].

Analysis of mitochondrial membrane phospholipids and oxidized
cardiolipin

Total lipids were extracted from mitochondria (10 mg protein)
as previously reported [12]. The extracts were dried under a flow
of N2 and resuspended in a proper volume of CHCl3. Analyses of
phospholipids was carried out as described previously [12].
Phospholipids were quantified by determining inorganic phos-
phate. Peroxidized cardiolipin was identified by HPLC, as described
in [13,14], with UV detection at 233 nm indicative of conjugated
dienes [12]. Bovine heart cardiolipin, autoxidized overnight in a
thin film at 37 1C, was used as standard [15].

Mitochondrial oxygraphic measurements

Freshly prepared mitochondria were assayed for oxygen con-
sumption at 37 1C in a thermostatically controlled oxygraph
apparatus equipped with a Clark electrode (Hansatech Instru-
ments Ltd., Norfolk, UK). Oxygen uptake in State 3 and State
4 and the respiratory control index (RCI) were calculated as
previously reported [16] using glutamate/malate or succinate as
oxidative substrates.

Complex I activity measurement

NADH:coenzyme Q oxidoreductase (complex I) activity was
assayed spectrophotometrically as in [17] by measuring the decrease
in NADH absorbance at 340 nm. Reaction medium (1.0 ml) was
supplemented with 60 mM decylubiquinone, 0.1 mg antimycin A,
1 mM KCN, and 0.5 mg of mitochondrial proteins. The reaction was
initiated by 100 mMNADH and 2 mM rotenone was added after 2 min.
Enzyme activity was determined as the difference in absorbance in
the absence and in the presence of rotenone.

Determination of mitochondrial membrane potential and proton leak

Freshly prepared mitochondria were assayed for mitochondrial
membrane potential (ΔΨ) at 37 1C in the presence of 5 mM
glutamate plus 5 mM malate or 5 mM succinate plus 2 μM rote-
none and 5 μM oligomycin by a Clarke and a tetraphenylpho-
sphonium electrode (WPI, Berlin, Germany). Membrane potential
calculations were made using a modified Nernst equation as
previously reported [16]. The determination of membrane poten-
tial dependence of the proton leak activity in isolated mitochon-
dria is based on the protocol described by Porter and Brand [18].
Briefly, mitochondria were incubated with succinate–rotenone
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