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ORIGINAL ARTICLE

A silybin-phospholipids complex counteracts rat fatty liver
degeneration and mitochondrial oxidative changes
Ignazio Grattagliano, Catia V Diogo, Maria Mastrodonato, Ornella de Bari, Michele Persichella,
David QH Wang, Adriana Liquori, Domenico Ferri, Maria Rosaria Carratù, Paulo J Oliveira, Piero Portincasa
®

vitamin E (Realsil ) was daily administered by gavage
(one pouch diluted in 3 mL of water and containing 15
mg vitamin E and 47 mg silybin complexed with phospholipids) to rats fed a choline-deprived (CD) or a high
fat diet [20% fat, containing 71% total calories as fat,
11% as carbohydrate, and 18% as protein, high fat
diet (HFD)] for 30 d and 60 d, respectively. The control
group was fed a normal semi-purified diet containing
adequate levels of choline (35% total calories as fat,
47% as carbohydrate, and 18% as protein). Circulating
and hepatic redox active and nitrogen regulating molecules (thioredoxin, glutathione, glutathione peroxidase),
NO metabolites (nitrosothiols, nitrotyrosine), lipid peroxides [malondialdehyde-thiobarbituric (MDA-TBA)],
and pro-inflammatory keratins (K-18) were measured
on days 0, 7, 14, 30, and 60. Mitochondrial respiratory
chain proteins and the extent of hepatic fatty infiltration
were evaluated.
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RESULTS: Both diet regimens produced liver steatosis (50% and 25% of liver slices with CD and HFD,
respectively) with no signs of necro-inflammation: fat
infiltration ranged from large droplets at day 14 to disseminated and confluent vacuoles resulting in microvesicular steatosis at day 30 (CD) and day 60 (HFD). In
plasma, thioredoxin and nitrosothiols were not significantly changed, while MDA-TBA, nitrotyrosine (from 6
± 1 nmol/L to 14 ± 3 nmol/L day 30 CD, P < 0.001,
and 12 ± 2 nmol/L day 60 HFD, P < 0.001), and K-18
(from 198 ± 20 to 289 ± 21 U/L day 30 CD, P < 0.001,
and 242 ± 23 U/L day 60 HFD, P < 0.001) levels increased significantly with ongoing steatosis. In the liver,
glutathione was decreased (from 34.0 ± 1.3 to 25.3 ±
1.2 nmol/mg prot day 30 CD, P < 0.001, and 22.4 ± 2.4
nmol/mg prot day 60 HFD, P < 0.001), while thioredoxin and glutathione peroxidase were initially increased
and then decreased. Nitrosothiols were constantly increased. MDA-TBA levels were five-fold increased from
9.1 ± 1.2 nmol/g to 75.6 ± 5.4 nmol/g on day 30, P <
0.001 (CD) and doubled with HFD on day 60. Realsil

Abstract
AIM: To investigate the effectiveness of antioxidant
compounds in modulating mitochondrial oxidative alterations and lipids accumulation in fatty hepatocytes.
METHODS: Silybin-phospholipid complex containing
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Experimental rat models of liver steatosis are characterized by accumulation of triglycerides, decreased mitochondrial function, and increased activity of microsomal
enzymes[2]. The altered functions of these subcellular organelles favor the enhanced production of reactive oxygen species (ROS) and NO derivatives with consequent
morphological and functional modifications of crucial
structures, thus rendering fatty hepatocytes particularly
susceptible to additional injuring factors[3].
A number of natural or chemical compounds are able
to counteract the damages induced by oxidative and nitrosative stress and therefore are claimed to have antioxidant properties. Vitamin E efforts a remarkable protection against lipid oxidation[11] and, if vehicolated within
a phospholipid complex together with silybin, a silybum
marianum extract, protects against pro-fibrotic oxidative
injury[12]. Less is known about the effectiveness of such
a compound to block or modulate ROS/NO production
and their pro-oxidant effects. Also, it would be of interest to know if the administration of such an antioxidant
complex may contribute to break off the intracellular
mechanisms leading to a progressive accumulation of
neutral lipids in fatty hepatocytes and in particular, mitochondrial dysfunction.
Therefore, this study aimed to evaluate the effect of
a silybin-phospholipid complex containing vitamin E
(Realsil®) on hepatocyte fatty degeneration and nitrosative/oxidative stress in two different rat dietary models
[choline deficiency (CD) and high fat diet (HFD)] of
fatty liver. Both diets induce fatty degeneration without
major inflammation and fibrosis, representing therefore
ideal models for assessing changes associated with simple
steatosis without the metabolic consequences depending
on inflammation. The results of this study contribute to
clarify both pathophysiologic mechanisms of damage in
fatty hepatocytes and of pharmacological protection.

administration significantly lowered the extent of fat infiltration, maintained liver glutathione levels during the
first half period, and halved its decrease during the second half. Also, Realsil modulated thioredoxin changes
and the production of NO derivatives and significantly
lowered MDA-TBA levels both in liver (from 73.6 ± 5.4
to 57.2 ± 6.3 nmol/g day 30 CD, P < 0.01 and from
27.3 ± 2.1 nmol/g to 20.5 ± 2.2 nmol/g day 60 HFD,
P < 0.01) and in plasma. Changes in mitochondrial respiratory complexes were also attenuated by Realsil in
HFD rats with a major protective effect on Complex Ⅱ
subunit CII-30.
CONCLUSION: Realsil administration effectively contrasts hepatocyte fat deposition, NO derivatives formation, and mitochondrial alterations, allowing the liver to
maintain a better glutathione and thioredoxin antioxidant activity.
© 2013 Baishideng. All rights reserved.
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INTRODUCTION
Simple steatosis of the liver without inflammation is considered a rather benign condition, although it represents
a favoring substrate for the potentially damaging effects
of a second hit (i.e., ischemia-reperfusion, starvation)[1].
However, severe fatty degeneration represents a leading
factor of hepatocyte dysfunction (mitochondrial respiration, microsomal metabolism, biliary secretion)[2] and is
associated with excess delivery of nitrosative and oxidative stress molecules[3], thus potentially rendering the
liver a major source of systemic alterations in patients
with metabolic syndrome[4]. Also, while several adaptive
metabolic mechanisms have been described during the
early phase of fatty infiltration[1,5] including expression
of intracellular sensors and signaling molecules for lipid
metabolism and oxidative stress pathways[6,7], the threshold above which fat infiltration becomes dangerous is not
clear, so far. Indeed, it has been observed that transient
hepatocellular triglycerides accumulation is essential for
normal liver regeneration[8] and represents a mechanism
of liver protection from lipotoxicity. Buffering free fatty
acids might, therefore, prevent the formation of liver
steatosis[9]. By contrast, several observations suggest that
ongoing fatty degeneration indeed exposes hepatocytes
to higher risk of oxidative damages[10].
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MATERIALS AND METHODS
Male Wistar rats (b.w. 250-270 g, Harlan, S. Pietro al Natisone, Italy) were kept under controlled conditions of
temperature and humidity and on a 12 h dark/light cycle.
Animals were divided into five groups: rats fed a CD
diet (Dyets, Bethlem, PA); rats fed a CD diet plus daily
administration of Realsil by gavage (one pouch diluted
in 3 mL of water and containing 15 mg vitamin E and
47 mg silybin complexed with phospholipids); rats fed a
HFD (20% fat content), containing 71% total calories as
fat, 11% as carbohydrate, and 18% as protein (Altromin
Rieper, Vandoies, Italy); rats fed a HFD supplemented by
daily administration of Realsil by gavage; control group
fed a normal semi-purified diet containing adequate
levels of choline, 35% total calories as fat, 47% as carbohydrate, and 18% as protein. The control diet, CD, and
HFD were nutritionally adequate, calorically equivalent
(1 kcal/mL), and contained equal amounts of fat as olive
and safflower oil with excess corn oil added to the HFD.
Following an overnight fast, five rats per group were
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Table 1 Characteristics and fat infiltration of rats fed a choline-deficient diet or a high fat diet with or without Realsil or a normal
choline-supplemented diet (controls)
Characteristics

Controls
day 30

CD
day 30

CD + Realsil
day 30

HFD
day 30

HFD + Realsil
day 30

Controls
day 60

HFD
day 60

Body weight (g)
Liver weight (g)
ALT (IU/L)
% area
No. of droplets
Mean droplet diameter

305 ± 8
12.7 ± 0.5
30 ± 8
3±2
11 ± 5
1.1 ± 0.3

311 ± 12
19.7 ± 1.3a
92 ± 14a
311 ± 12
19.7 ± 1.3a
9.2 ± 1.4a

304 ± 11
16.7 ± 0.7a
68 ± 12a,c
304 ± 11
16.7 ± 0.7a
6.8 ± 1.2a,c

302 ± 10
15.7 ± 1.7a
42 ± 10a
16 ± 4
570 ± 47a
4.2 ± 1.0a

308 ± 12
13.1 ± 1.3
31 ± 7c
8±3
356 ± 23
3.2 ± 0.7c

355 ± 11
12.7 ± 0.5
30 ± 8
4±1
12 ± 6
0.9 ± 0.5

364 ± 13
18.8 ± 1.1a
69 ± 11a
20 ± 4
389 ± 31a
4.4 ± 1.1a

HFD + Realsil
day 30
351 ± 12
15.1 ± 0.6a,c
52 ± 8a,c
15 ± 3a,c
519 ± 26a,c
3.4 ± 0.9a,c

Data represent percentage of fat in the whole area, number of fat droplets and mean diameter of the droplets. Results are mean ± SD of n = 5 different slides
per rat per group at each time point. aP < 0.05 vs control rats; cP < 0.05 vs choline-deficient diet (CD) or high fat diet (HFD) only. ALT: Alanine transaminase.

anesthetized with xylazine/ketamine (5.45 mg/36.4 mg/
kg im) and then sacrificed by decapitation on days 0, 7,
14, and 30 for the CD and 0, 14, 30 and 60 for the HFD
groups. Blood was collected into heparinized tubes and
centrifuged at 4000 × g for 5 min to obtain serum. Livers
were removed immediately and homogenized in an icecold potassium-phosphate buffer containing 5 mmol/L
EDTA (pH 7.4). General and liver parameters are reported in Table 1.
The protocol was conducted according to the Guide
Principles for the care and use of laboratory animals and
was approved by the local committee for animal experimentation.

nilamide/N-1-naphty-lethylendiamine dihydrochloride,
neutral Griess as reagents. Nitrotyrosine in the serum was
quantified using an ELISA Kit containing Streptavidinperoxidase conjugate which reacts with the substrate tetramethylbenzidine as per manufacturer’s instructions (HyCult Biotechnology b.v., UDEN, The Netherlands) with
absorbance read at 450 nm. Keratin 18 fragments (K-18)
level was quantified in serum using the ELISA Kit as per
manufacturer’s instructions (Cusabio Biotech Co., Ltd):
samples were located in microwells previously coated
with a human-specific antibody and successively with one
substrate and a chromogenic system. The reaction was
stopped and absorbance read at 450 nm. Protein concentration was measured by using a Bio-Rad kit for the assay
of proteins (Bio-Rad GmbH, Munich, Germany).

Biochemical determinations
Total glutathione (GSH) determination was performed
by precipitating tissue homogenates with 15% sulfosalicylic acid and processing the supernatant by the oxidized
glutathione recycling procedure[13]. Protein thiols were
measured with an Elmann’s procedure modification[14].
The hepatic and serum levels of thiobarbituric acid
malondialdehyde complex (MDA-TBA) were first separated by high-performance liquid chromatography using
an analytical column Spherisorb ODS 5 μmol/L (250 mm
× 4.6 mm) eluted with 60% (v/v) potassium phosphate
buffer 50 mmol/L, pH 6.8 and 40% (v/v) methanol at a
flow rate of 1 mL/min. Next, spectrophotometric detection of the MDA-TBA adducts occurred at 532 nm[15].
Glutathione Peroxidase (GPx) activity was assessed by
use of the method described by Flohè et al[16]. Calculations were made with 1 unit enzyme considered as the
amount consuming 1.15 μmol of nicotinamide adenine
dinucleotide phosphate reduced (NADPH) in 1 min at
37 ℃ (pH 7.0). Thioredoxin levels were quantitated by a
standardized ELISA method in serum and liver homogenates. Procedure followed the manufacturer’s instructions
(Histo-line Laboratories S.r.l., Milan, Italy); samples were
located in micro-wells previously coated with a polyclonal
antibody (LF-PA0002) and successively with a primary
(LF-MA0077) and a secondary HRP-conjugated antimouse antibody (81-6720). After the addition of a chromogenic system, the reaction was stopped and absorbance
read at 492 nm. Nitrosothiols were measured according
to the method of Cook et al[17] using a mixture of sulfa-
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Western blotting analysis
The expression of mitochondrial oxidative phosphorylation (OXPHOS) system components was assessed by using an antibody cocktail targeting specific subunits from
complexes Ⅰ (NADH-ubiquinone oxidoreductase), Ⅱ
(succinate dehydrogenase), Ⅲ [ubiquinone-cytochrome
c oxidoreductase (COX)], Ⅳ (cytochrome c oxidase),
and Ⅴ (ATP synthase). β-actin was used as a loading
control. Frozen tissues were homogenized in a cold
Ripa buffer (50 mmol/L Tris-HCl, pH 8.8; 150 mmol/L
NaCl; 1% Igepal; 0.5% sodium deoxycholate; 0.1% SDS)
supplemented with a protease inhibitor cocktail (Sigma)
and ruptured by 30 passages through a needle. Homogenized tissues were centrifuged at 14000 rpm (4 ℃, 10
min). The supernatant was collected and kept at -80 ℃
until used. Protein concentration of each sample was
measured using BCA Protein Assay kit according to the
manufacturer’s protocol. After denaturation at 100 ℃
during 5 min in Laemmli buffer (BioRad), proteins (30
μg) were separated by electrophoresis on 10% SDSpolyacrylamide gels (SDS-PAGE) and transferred to
a polyvinylidene difluoride (PVDF) membrane. After
blocking with 2% of milk in TBST (50 mmol/L TrisHCl, pH 8; 154 mmol/L NaCl, and 0.1% Tween 20) for
1 h at room temperature, membranes were incubated
overnight at 4 ℃ with antibodies against OXPHOS
components (1:2000) and β-actin (1:2500). Membranes
were incubated with secondary alkaline phosphatase-
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conjugated antibodies: goat anti-mouse IgG (1:5000) for
1 h at room temperature. Membranes were incubated
with ECF detection system (Amersham, GE HealthCare, Piscataway, NJ) and read with the Versa Doc imaging system (Bio-Rad, Barcelona, Spain).

nmol/g to 75.6 ± 5.4 nmol/g at day 30 (Figure 2). Serum
MDA-TBA and nitrosothiols levels as well as nitrotyrosine and K-18 (Table 2) were higher in CD rats.
Effect of HFD on oxidative and nitrosative stress
parameters
In the liver, HFD determined a progressive decrease in
the content of GSH, thioredoxin and nitrosothiols (Table
3). GPx activity was initially unchanged, then increased
and next decreased (Table 3); MDA-TBA were doubled
at day 60 (Figure 2). Serum levels of MDA-TBA, K-18,
nitrotyrosine and nitrosothiols were significantly higher
in HFD rats (Figure 3).

Histology
Liver specimens were fixed in 10% neutral buffered
formalin and paraffin embedded. Five sections of 4 μm
thickness from each sample were cut and stained with toluidin blue-periodic acid-schiff stain. Histologic features
were examined on five low-power fields per specimen,
and a semi-quantitative estimation of the empty vacuoles
(fat) was performed by measuring the fat percentage distribution on the surface areas.

Effect of HFD on mitochondrial oxidative
phosphorylation complexes
Samples from liver, heart and skeletal muscle were compared regarding the content in subunits of the mitochondrial respiratory chain. Western blotting yielded bands
to all OXPHOS subunits studied, although the band
corresponding to complex Ⅲ was very difficult to detect
in the three tissues and hence was not quantified by densitometry. Band density for each protein was normalized
for the corresponding β-actin band.
In the liver (Figure 4), the HFD caused an increase in
the amount of the Complex Ⅰ subunit NDUFB8 (at day
60) and Complex Ⅳ subunit Ⅰ, COX Ⅰ (at day 30) and
a decrease of Complex Ⅱ subunit 30kDa, CII-30 (days
14 and 60) and ATP synthase subunit α, CV-α (day 14).
Minor changes in the heart and skeletal muscle proteins
were observed (data not shown).

Chemicals
Total OXPHOS Rodent Antibody Cocktail was purchased from Mitosciences Inc. (Cambridge, MA). Secondary alkaline phosphatase-conjugated antibodies were
purchased from Jackson ImmunoResearch Laboratories,
Inc. (Cambridgeshire, United Kingdom). All other chemicals used were of the highest purity available and were
purchased from Sigma-Aldrich Chemical Co. (Barcelona,
Spain or Milan, Italy).
Statistical analysis
All data are expressed as mean ± SD. The Mann-Whitney
rank sum test was used to compare groups. For multiple
comparisons, the ANOVA on ranks analysis of variance
followed by Dunn’s method was used. The nonparametric Spearman rank order correlation was used to relate
biochemical parameters. P < 0.05 defined significance.

Effect of Realsil on general parameters, liver histology,
stress markers, and mitochondrial proteins
Realsil administration was associated with a lower increase of liver weight and a less pronounced increase of
serum transaminase levels in rats (Table 1). As shown
(Figure 1 and Table 2), Realsil resulted in a lower extent
of fat infiltration in both CD and HFD rats. In CD rats,
Realsil determined an improvement in the number and
diameter of fat droplets. In HFD rats, Realsil was associated with a lower diameter of fat droplets; the number of
droplets per histological section was lower at day 30 but
higher at day 60, as a likely consequence of a less confluent phenomenon.
Realsil was protective against CD and HFD induced
oxidative and nitrosative changes both in the liver and in
plasma. The improvement in such parameters was more
evident for CD rats. In particular, the decrease of liver
GSH and nitrosothiols was kept to 50% compared with
untreated rats, while the changes in MDA-TBA, thioredoxin, and GPx were less marked although significant
(Table 2). The same parameters were less affected by
Realsil in HFD rats (Table 3 and Figure 3). In fact, the
hepatic concentrations of GSH, MDA-TBA, GPx, and
nitrosothiols did not differ significantly compared to
untreated HFD rats. Only thioredoxin levels were maintained to a higher level by Realsil administration. In these

RESULTS
Effect of CD and HFD on general parameters and liver
histology
Feeding CD or HFD was associated with a progressive
and significant increase of liver weight but not of body
weight at days 30 and 60, respectively, as compared with
control rats (Table 1). In rats with fatty liver, ALT levels
increased progressively. At days 30 and 60, both CD and
HFD rats showed a two-to-threefold increase.
Rats on CD and HFD showed remarkable liver steatosis (Figure 1 and Table 1). There was a progressive
hepatic fat infiltration ranging from large droplets at day
14 to disseminated and confluent vacuoles resulting in
microvesicular steatosis at day 30 (CD) and day 60 (HFD).
Single cell necrosis was rarely noted. No evidence for inflammation and/or fibrosis was present.
Effect of CD on oxidative and nitrosative stress
parameters
In the liver, CD was associated with a higher content of
GSH, thioredoxin, and nitrosothiols, while GPx activity
was higher at day 7 and then lower at day 30 (Table 2).
MDA-TBA levels were five-fold higher from 9.1 ± 1.2
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A

CD - day 30

CD + Realsil - day 30

B

HFD - day 30

HFD + Realsil - day 30

C

HFD - day 60

HFD + Realsil - day 60

Figure 1 Light micrographs of rat liver stained with toluidin blue-periodic acid-schiff stain. A: Liver from rat fed a choline deficient diet (day 30); B: Liver from
rat fed a high fat diet (day 30); C: Liver from rat fed a high fat diet (day 60). Right column without and left column with administration of Realsil (Magnification: 200 ×).
CD: Choline deficiency; HFD: High fat diet.

rats, Realsil halved the variations of serum MDA-TBA
and nitrotyrosine levels, while it was less effective on K-18
(222 ± 15 IU/L vs 242 ± 23 IU/L at day 60 in treated
and untreated HFD rats, respectively) and nitrosothiols
(72 ± 10 nmol/L vs 81 ± 9 nmol/L at day 60 in treated
and untreated HFD rats, respectively) levels.
In HFD animals receiving also Realsil, several changes
occurred in liver mitochondria (Figure 4). At day 14, administration of Realsil resulted in a significant increase
in the protein levels of NDUFB8 subunit, which were
slightly decreased (although not statistically significant)
by the diet alone. On the other hand, Realsil in HFD
animals further decreased the amount of CII-30 (day
14), NDUFB8 (day 30), and COX Ⅰ (day 60). At day 60,
Realsil had protective effect on the Complex Ⅱ subunit
CII-30 by increasing the amount of the protein that was
decreased by the diet alone. Interestingly, in the muscle,
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at day 60 Realsil reversed the effect induced by HFD in
CII-30 subunit and in COX Ⅰ subunit and, at day 30, decreased CV-α subunit protein amount.

DISCUSSION
Obesity is a health problem in developed countries[18-21]
and is related to insulin resistance, dyslipidemia, type 2
diabetes, hypertension, and liver steatosis (NAFLD)[22].
Simple steatosis is considered a benign condition with
low risk of evolution, while its inflammatory form
(NASH) is considered a risk factor for liver cirrhosis.
Mechanisms governing hepatocellular fat deposition involve metabolic pathways partly depending on
the up-regulation of peroxisome proliferator-activated
receptor and on the consequent activation of adipocyte
differentiation programs[23]. The relationship between
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A

Table 2 Concentrations of total glutathione, thioredoxin,
nitrosothiols, and activity of glutathione peroxidase,
malondialdehyde-thiobarbituric acid reactive substances,
nitrosothiols, nitrotyrosine, and keratin-18 in the liver of rats

S
R
S
R
S
R
S
R
S
R
S
R
S
R
S
R

34.3 ± 3.1
35.1 ± 1.2
14.2 ± 1.0a
11.3 ± 1.0a
32.9 ± 3.5a
35.4 ± 2.7a
17 ± 4a
12 ± 3
73 ± 15
67 ± 10
6±2
5±1
222 ± 21
210 ± 10
9.3 ± 1.2a
6.3 ± 0.9a,b

33.2 ± 1.4
33.7 ± 1.0
16.3 ± 2.4a
14.4 ± 1.0a
30.0 ± 2.2a
27.3 ± 2.2a,c
39 ± 8a
19 ± 4a,c
79 ± 12a
69 ± 10
10 ± 3a
5 ± 2c
233 ± 16a
213 ± 13c
21.1 ± 3.7a
20.8 ± 1.4a

a, c
MDA-TBA, nmol/g liver

Glutathione
34.0 ± 1.3 nmol/mg prt
Thioredoxin
5.6 ± 0.9 nmol/mg prt
Nitrosothiols
16.8 ± 4.7 pmol/mg prt
MDA-TBA
12 ± 3 nmol/L
Nitrosothiols
62 ± 10 nmol/L
Nitrotyrosine
6 ± 1 nmol/L
K-18
198 ± 20 U/L
GPx activity
4.5 ± 0.4 nmol NADH/
min/mg prt

Day 14

a

60

Day 30
25.3 ± 1.2a
30.9 ± 1.1a,c
5.2 ± 0.7
6.2 ± 0.7c
13.0 ± 1.2a
15.8 ± 1.5a,c
92 ± 10a
41 ± 9a,c
88 ± 10a
74 ± 11a,c
14 ± 3a
10 ± 2a,c
289 ± 20a
240 ± 17a,c
13.7 ± 1.8a
16.6 ± 2.6a,b

a
40

20

^
0
0

B

The liver of rats fed a choline-deficient (CD) diet without (S)/with (R)
Realsil or a normal choline-supplemented diet (controls). Values from
controls are reported in the first column under the parameter. Data are
mean ± SD of n = 5 rats per group at each time point. aP < 0.05 vs control
rats; cP < 0.05 vs rats on CD diet without Realsil at the same time point.
GPx: Glutathione peroxidase; MDA-TBA: Malondialdehyde-thiobarbituric
acid reactive substances; K-18: Keratin-18; prt: Protein.

14

t /d

28

30

a

20

10

0
0

intracellular metabolic processes and systemic changes
occurring in patients with fatty liver are still under debate. Also, the effect of modulating compounds and
antioxidant molecules on such lipid effectors and on NO
metabolic changes has been poorly investigated. Mitochondria, coordinators of energy metabolism, are actively
involved in such processes[18,21]. In NASH patients, mitochondria show morphological alterations and functional
impairment[7,24]. Ultrastructural modifications were also
observed in rats fed a steatogenic diet (HFD)[25]. Mitochondria are the most relevant source of ROS in most
cells and especially in fatty hepatocytes[26,27]. ROS alter the
activity of JNK enzymes, disturb insulin signaling, and
enhance potassium transport across the inner mitochondrial membrane[28] leading to mitochondrial uncoupling
and triggering as well adaptive response[29-31].
In a recent study[3], we observed that hepatocytes react to fat deposition by a very early increase of GSH and
thioredoxin both in the cytosol and in the mitochondria
to likely prevent lipid and protein oxidation. Prolongation
of steatogenic diet, however, led to major mitochondrial
redox changes, i.e., increased MDA-TBA, progressive
decrease of GSH and thioredoxin, and increase of mixed
disulfides, nitrates, and nitrosothiols, all consistent with
both oxidative damage and increased NO synthesis. In
fatty livers, NO synthase (iNOS) is induced by enhanced
inflow of gut-derived toxins [32] and tumor necrosis
factor-α expression[33] and generates hyper reactive species such as NO with accumulation of nitrotyrosine[33].
This likely reflects an increased peroxynitrite formation
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7

a, c
MDA-TBA, nmol/g liver

Day 7

80

14

30

t /d

60

Figure 2 Concentrations of malondialdehyde-thiobarbituric acid reactive
substances. A: Liver of rat fed a choline-deficient diet; B: Liver of rat fed a high
fat diet. Closed square: Without; open square: With Realsil administration; open
circle: Control rats fed a standard chow-diet with adequate content of choline.
Data are mean ± SD of n = 5 rats per group at each time point. aP < 0.05 vs
control rats; cP < 0.05 vs untreated rats at the same time points. MDA-TBA:
Malondialdehyde-thiobarbituric.

and suggests potential NO participation to liver injury[34].
Thioredoxin, a redox-active protein induced by oxidative
stress[35], is actively involved in NO regulation through
nitrosothiols cleavage[36,37]. Nitrosothiols, formed by conjugation of NO with free thiols, oppose peroxynitrite
formation and act as intracellular messenger controlling
cellular and mitochondrial functions[38,39].
In the fatty liver, intracellular redox changes and protein nitrosation may represent a major factor stimulating
the progression from simple steatosis to NASH[40]. Also,
a critical role for such hepatic variations in the pathogenesis of systemic chronic inflammatory conditions has
been recently proposed[41,42]. In our study, we show that
liver steatosis is associated with high levels of circulating NO derivatives (nitrosothiols and nitrotyrosine) and
with high levels of K-18, the major keratin expressed in
the liver and one of the most prominent substrates of
caspases during hepatocytes apoptotic death[43]. These
alterations were closely dependent on the changes occurring in the liver in which GSH content and thioredoxin
activity declined with ongoing steatosis. Also, the close
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Previous studies have demonstrated elevation of these
molecules in NAFLD[44] as a consequence of the increased apoptotic rate due to hepatic inflammation[45].
In the present work, the HFD promoted alterations in
mitochondrial complexes, although not deep enough to
result in bioenergetic changes, as reported for other diet
models including CD[46,47]. Interestingly, the limited array
of alterations observed in the heart and skeletal muscle
points to the conclusion that this model selectively affects
the liver.
In this scenario, the administration of antioxidant
molecules able to contrast oxidative and nitrosative phenomena improved most of the investigated stress parameters both in the liver and in serum. In fact, in our study
the administration of Realsil was effective in reducing the
extent of fatty infiltration of the liver and in modulating the changes in mitochondrial function and oxidative
and nitrosative stress both in the liver and in the systemic
circulation. This would suggest that Realsil is effective in
contrasting the metabolic alterations resulting in excess
fat deposition and at the same time in counteracting the
increased formation of ROS and NO species.

Table 3 Concentrations of total glutathione, thioredoxin,
nitrosothiols, and activity of glutathione peroxidase in the
liver of rat
Day 14
Glutathione
33.4 ± 0.8 nmol/mg prt
Thioredoxin
5.4 ± 0.5 nmol/mg prt
Nitrosothiols
20.4 ± 3.1 pmol/mg prt
GPx
3.9 ± 0.3 nmol NADH/
min/mg prt

S
R
S
R
S
R
S
R

23.7 ± 1.9a
22.3 ± 1.8a
9.2 ± 0.9a
7.6 ± 0.7a,c
18.1 ± 1.5
14.4 ± 1.7a,c
4.7 ± 0.6a
3.4 ± 0.5c

Day 30
20.8 ± 2a
23.9 ± 1.7a
8.9 ± 0.8a
7.8 ± 0.7a
19.6 ± 2.5
16.1 ± 2.3a
6.5 ± 1.3a
4.3 ± 1.0c

Day 60
22.4 ± 2.4a
23 ± 1.6a
4.3 ± 1.0
7.4 ± 1.7a,c
10 ± 2.3a
14.3 ± 1.9a,c
4.6 ± 1.6
4.1 ± 1.0

The liver of rats fed a high fat diet (HFD) diet without (S)/with (R) Realsil
or a standard control diet (controls). Values from controls are reported in
the first column under the parameter. Data are mean ± SD of n = 5 rats per
group at each time point. aP < 0.05 vs control rats; cP < 0.05 vs rats on HFD
diet without Realsil at the same time point. GPx: Glutathione peroxidase;
NADH: Nicotinamide adenine dinucleotide; prt: Protein.

relation observed between the circulatory NO derivatives
and K-18 levels clearly links NO with the hepatic inflammatory processes occurring under marked liver steatosis.
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Silybin, the major constituent of milk thistle extract,
affords hepatoprotection in vitro and in vivo[48,49] by inhibiting the production of pro-inflammatory and pro-fibrogenic factors[12,50]. The conjugation with phospholipids
greatly increases its intestinal absorption and the systemic
bioavailability[51]. However, the mechanisms of the hepatocyte protection have not been completely defined.
Some hypotheses point to a potential antioxidant cytoprotective effect of Realsil by including the modulation
of protein oxidation/denitrosation and the maintenance
of membrane lipid composition and function[52]. To demonstrate these effects, we investigated the protective ef-

WJG|www.wjgnet.com

fects of Realsil on oxidative/nitrosative changes both in
the liver and in circulation.
Indeed, although the subtle mechanisms regulating the protein nitrosation/denitrosation process have
not been completely identified, it has been shown that
thioredoxin-deficient cells denitrosate nitrosothiols less
efficiently[37] and that nitrosative stress is critically important in promoting S-nitrosylation and nitration of various
mitochondrial proteins, leading to mitochondrial dysfunction, decreased energy supply, and increased hepatic injury[53]. With ongoing steatosis, the decrement in hepatic
thioredoxin and GSH levels we observed may be due
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also to a down-regulation process associated with excess
deposition of fat and toxic molecules and may indirectly
contribute to the progressive appearance of other oxidative changes.
In our study, Realsil was able to counteract most of
the oxidative biochemical alterations during the early
phases of steatosis while it resulted less effective later (30
and 60 d) when the extent of fat infiltration was massive.
The protection promoted by Realsil is certainly exerted at
different levels and particularly at mitochondrial level[54].
The changes (both morphological and biochemical)
observed in the liver of rats receiving Realsil were also
evident at systemic level and this more explicitly relates
systemic with hepatic changes in animals with fatty liver.
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