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INTRODUCTION
Hepatic steatosis is associated with obesity[1,2], toxic injury 
by toxins such as alcohol[3] or thioacetamide[4], and intake 
of  high quantities of  dietary fat[1,4]. Particularly, high-
fat diets lead to biochemical and morphological hepatic 
changes, including steatosis and collagen deposition as 
well as alterations in the levels of  plasma lipoproteins and 
serum aminotransferases (ALT, AST)[1,4,5]. These features 
are affected not only by the quantity but also by the 
composition of  the dietary fat [1,5,6].

Perisinusoidal stellate cells (PSCs), also known as Ito 
cells or fat-storing cells, are liver pericytes that are involved 
in the hepatic metabolism of  lipoproteins[7], synthesis 
of  extracellular matrix proteins[8] and release of  some 
hepatocyte growth factors[9], thus playing a key role in 
different pathologies such as hepatic fi brosis[10] and non-
alcoholic steatohepatitis[11]. In addition, these cells due to 
their privileged location among hepatocytes, endothelial 
cells and nerve endings, have been proposed to be the 
main cell type responsible for the microcirculation control 
at the sinusoidal level[12].

In the nor ma l l ive r , PSCs show a qu i e s cen t 
phenotype characterized by the presence of  numerous 
intracytoplasmic fat droplets[13]. Nevertheless, in different 
hepatic pathologies, these cells are detected without lipid 
droplets showing an activated phenotype that implies 
changes in their antigenic composition[14,15] as well as in 
their morphology and functions[15,16].

PSCs share several features with astrocytes[16,19] and 
contain the glial fibrillary acidic protein (GFAP), a type 
of  intermediate filament protein like these glial cells[20]. 
The plasticity in the expression of  this cytoskeletal 
protein in PSCs has been proposed to be an instrument 
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Abstract
AIM: To analyze the relationship between perisinusoidal 
stellate cell (PSC) activation and the dietary fat quantity 
and composition in the treatment of hepatic steatosis.

METHODS: Using an experimental rat model of steato-
sis based on the intake of a hyperlipidic diet (14% fat as 
olive oil or sunfl ower oil, HL-O and HL-S, respectively), 
we analyzed the liver’s capability of recovery after the 
treatment with a normal-lipidic diet (5% fat as olive oil 
or sunfl ower oil, NL-O and NL-S, respectively) by immu-
nocytochemical and Western blot analysis of glial fi bril-
lary acidic protein (GFAP) expression in PSCs, collagen 
quantification and serum aminotransferase determina-
tion.

RESULTS: The fatty infi ltration in the steatotic livers de-
creased after the treatment with both NL diets, indicat-
ing liver recovery. This decrease was accompanied with 
a lower collagen deposition and aminotransferase level 
as well as changes in the PSC population that increased 
the GFAP expression. The above-mentioned effects were 
more pronounced in animals fed on NL-O based diet.

CONCLUSION: Treatment with a balanced diet enriched 
in olive oil contributes to the liver recovery from a stea-
totic process. The PSC phenotype is a marker of this 
hepatic-recovery model.

© 2005 The WJG Press and Elsevier Inc. All rights  reserved.
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to discr iminate between quiescent and act ivated 
phenotypes[20].

The aim of  the present study was to analyze the 
relationship between PSC activation and dietary fat 
quantity and composition in the treatment of  hepatic 
steatosis. For this, an evaluation of  the expression and 
distribution of  the liver glial fi brillary acidic protein was 
made, and the liver collagen and the aminotransferase 
serum level were quantified in a rat model. These diets 
were prepared with olive or sunfl ower oils to compare the 
effi cacy of  the two fats on steatosis recovery.

MATERIALS AND METHODS
Animal diet and experimental design
Semipurified and balanced high-lipidic (HL; 14% fat) 
and normal-lipidic (NL; 5% fat) sunflower oil and olive 
oil diets were prepared as previously described[1,4]. The 
only difference between HL and NL diets was that the 
fat energy content was reduced from 14% to 5%, with a 
corresponding increase in the carbohydrate energy content. 
To avoid auto-oxidation, the oils were added to the diets 
on a daily basis immediately before feeding. All the animals 
had free access to the diet and water.

A total of  32 weaned Wistar rats were divided into two 
groups of  16 rats each and fed ad libitum on high-lipidic 
olive (HL-O) or high-lipidic sunflower (HL-S) oil diets 
for 1 mo. This time period was long enough to induce 
steatotic pathology[1,4]. Half  of  the rats of  each HL oil 
group (n = 8 olive, n = 8 sunfl ower) were killed, and the 
other half  were fed on a normal-lipidic (NL-O, NL-S) diet 
without changing the type of  oil for an additional month.

The experiments followed the European Union 
guidelines on the use of  animals for biomedical research 
(86/609/EU).

Histopathological examination
Four rats from each group were intraperitoneal ly 
anaesthetized with Ketolar (15 mg/100 mg body weight), 
and heparin was injected through the penis dorsal vein 
(500 IU/kg body weight) to avoid blood coagulation. 
The livers were perfused with 20-30 mL of  carbogenated 
0.01 mol/L phosphate buffer saline (PBS), and then with 
100-120 mL of  4% paraformaldehyde-0.1 mol/L phosphate 
buffer (PB). After this, the organ was dissected out, cut 
into small blocks and immersed in the same fixative 
for 3 h at 4 ºC, and then immersed in 30% sucrose-
0.1 mol/L phosphate buffer overnight at 4 ºC. The blocks 
were covered with OCT compound and frozen with 
2-methylbutane at liquid-nitrogen temperature.

Histological study for the analysis of  fatty infi ltration 
was performed on 20-μm-thick sections stained with 1% 
OsO4 0.1 mol/L phosphate buffer for 1 h at 4 ºC and 
mounted in PBS:glycerol (1:1).

Free-floating sections (40-μm thick) were obtained 
for collagen quantification by the colorimetric method 
described elsewhere[21].

Immunohistochemistry
For immunohistochemical analysis, free-floating (40-μm 
thick) sections were incubated overnight with a rabbit 
polyclonal anti-bovine GFAP (1:100; DAKO A/S, Z334) 
antiserum diluted in PBS containing 0.2% Triton X-100 
at 4 °C. After several washes in PBS, the sections were 
incubated with biotinylated goat anti-rabbit IgG (Vector 
Laboratories Ltd) followed by peroxidase-linked ABC. The 
peroxidase activity was demonstrated following the nickel-
enhanced diamino-benzidine procedure[24]. The sections 
were then mounted on slides, dehydrated in ascending 
grades of  ethanol series, and covered using DPX. Controls 
for background staining, which was usually negligible, were 
performed by replacing the primary antiserum with normal 
rabbit serum.

Western blotting
Four rats from each group were kil led by cervical 
dislocation and the livers were individually triturated with 
liquid nitrogen. The resulting powder was kept at -80 ºC 
and used for the preparation of  crude extracts. Frozen 
liver powder (0.3 g) was homogenized (Polytron, PT 
1200) in 30 mmol/L Tris-HCl buffer, pH 7.4, containing 
0.5 mmol/L DTT, 1% SDS, 1 mmol/L EDTA and 
1 mmol/L PMSF (1:3 w/v). The resulting homogenates 
were centrifuged for 60 min at 100 000 g . All the 
procedures were performed at 0-4 ºC. Protein concen-
trations in the supernatants were determined by the 
Bradford method[23].

For Western blot analysis, equal amount of  the 
denatured proteins per lane (30 μg) were loaded and 
separated on an 8% SDS-polyacrylamide gel (Mini Protean 
II, BioRad), and transferred to a PVDF membrane 
(Hybond-P, Amersham). The membrane was blocked 
with 5% defatted milk powder in Tris-buffered saline 
buffer (25 mmol/L Tris-HCl, pH 7.6, 137 mmol/L NaCl, 
2.6 mmol/L KCl, 0.2% Tween-20) and incubated at room 
temperature with diluted rabbit polyclonal anti-cow GFAP 
antibody (1/1 000) in a blocking buffer. Bound antibodies 
were revealed with an enhanced chemiluminescence 
kit (ECL, Amersham) according to the manufacturer's 
instructions. After immunodetection, membranes were 
probed with anti α-tubulin (Sigma) as a loading control. 
The relative expression of  GFAP in each sample was 
quantifi ed by densitometric scanning.

Serum aminotransferase levels
Blood samples were taken from the mesenteric vein of  the 
same animals used for Western blot analysis. Serum alanine 
aminotransferase (ALT) and aspartate aminotransferase 
(AST) activities were automatically analyzed with a 
multifunctional biochemistry analyzer (Autoanalyzer 
Hitachi 917, Roche).

Statistical analysis
Data were expressed as mean±SD. Student’s t-test was 
performed to evaluate significant differences between 
groups. P<0.05 was considered statistically signifi cant.
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RESULTS
Body and liver weights
Table 1 lists the body weight and liver weight before and 
after hyperlipidic and normal-lipidic diets.

Histopathological manifestations
Sections stained with OsO4 revealed steatosis in the HL 
groups[4], characterized by the accumulation of  many fat 
droplets inside the hepatocytes, mainly in those from the 
portal zone. After treatment with NL diets, steatosis was 

reduced principally in the NL-O group (Figure 1).
Regardless of  the type of  diet, the collagen quan-

tifi cation signifi cantly decreased in rats after treatment with 
NL diets (Figure 2).

Distribution of GFAP immunoreactive PSCs 
In all experimental groups, glial fibrillary acidic protein 
immunoreact ive (GFAP-IR) cel ls were unifor mly 
distributed in the liver parenchyma throughout the hepatic 
lobule (Figure 3A). These cells had a stellate shape with 
a large nucleus surrounded by a cytoplasm that exhibited 
many long processes (Figures 3B-D). Most of  the cells 
contained numerous lipid droplets in their cytoplasm 
(Figure 3C), though some cells lacked fat droplets (Figure 3B).

The GFAP-IR cells had their cytoplasmic processes 
preferentially circumscribed to the Disse’s space, running 
along or encircling the hepatic sinusoids (Figure 3B). 
Nevertheless, some cells, probably those called the 
"second layer cells"[24] located near the vascular network of  
the liver, sent out some processes towards the wall vessel, 
where they formed structures resembling the end-feed of  
astrocytes (Figures 3B and 3D).

When different dietary groups were compared, a lower 
frequency of  GFAP-IR cells was found in the steatotic 
liver of  animals fed on HL diets (sunfl ower or olive oil) in 
relation to the group receiving NL balanced diets (sunfl ower 
or olive oil) (Figure 4). No differences were found when 
diets with the same lipid content but with a different oil 
were compared.

Semiquantifi cation of GFAP expression
Western blot analysis of  denatured hepatic homogenates 
from HL and NL groups revealed a 51-ku protein detected 
by the GFAP antibody (Figure 5). The densitometric 
semiquantification showed that, after the normalization 
of  the fat level in the diets (5%), GFAP expression 
was significantly increased but only in the olive oil diet 
(P<0.001).

Changes of aminotransferase levels
Serum ALT and AST levels are shown in Table 2. 
Compared with the HL groups, serum ALT activity 
signifi cantly decreased after the treatment with NL diets. 
This decrease was more significant in the sunflower oil 
group (P<0.01). AST activity decreased only in the olive 
oil group after the treatment with NL diet (P<0.05).

Body weight (g) Liver weight (g)

HL-O 307.44±18.61 14.66±0.36
NL-O 255.33±23.58 12.05±0.87a

HL-S 310.55±16.48
NL-S 207.16±32.83a 14.85±0.41

Table 1 Body weight and liver weight (mean±SD)

HL-O, high-lipidic olive oil; NL-O, normal-lipidic olive oil; HL-S, high-lipidic 
sunfl ower oil; NL-S, normal-lipidic sunfl ower oil. aP<0.05 vs HL-S, P<0.02 vs 
NL-O.

ALT (IU/L) AST (IU/L)
HL-O 39±1.41 83.50±12.02
NL-O 27±5.661 60±2.83a

HL-S 52±1.41 75±4.24
NL-S 26±14.14b 57.50±16.26

Table 2 Serum alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) levels (mean±SD)

HL-O, high-lipidic olive oil; NL-O, normal-lipidic olive oil; HL-S, high-lipidic 
sunfl ower oil; NL-S, normal-lipidic sunfl ower oil. aP<0.05, 1P<0.02 vs HL-S, 
bP<0.01 vs HL-O.

Figure 1 Light micrographs of representative liver sections from rats of each 
dietary group stained for fat with OsO4. A: High-lipidic olive oil; B: normal-lipidic 
olive oil; C: high-lipidic sunflower oil; D: normal-lipidic sunflower oil. PT: portal 
triad; CV: central vein. Scale bar, 100 μm.

Figure 2 Collagen quantification in the high fat-induced steatotic liver (HL-O, 
HL-S) after its treatment with a normal-lipidic diet (NL-O, NL-S). Data are mean
±SD of four determinations. HL-O, high-lipidic olive oil; NL-O normal-lipidic olive 
oil; HL-S, high-lipidic sunfl ower oil; NL-S normal-lipidic sunfl ower oil. Signifi cantly 
greater than in corresponding HL group: aP<0.05 vs HL-S, 1P<0.02 vs NL-O.
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DISCUSSION
Several studies have emphasized the importance of  dietary 
composition in the treatment of  fatty liver[5,24]. Our results 
based on the induction of  a steatotic process by diets of  
14% fat and its recovery by diets of  5% fat demonstrated 
that these NL diets could reduce the collagen deposition 
and aminotransferase serum level as well as changes in the 
PSC population that increased the GFAP expression. In 
addition, taking into account that both HL and NL diets 
were prepared with sunfl ower or olive oils, we found that 
the above-mentioned effects were more pronounced in 
animals fed on NL olive oil-based diet.

No information is available on the involvement 
of  PSCs in the regenerative potential of  steatotic liver 
induced by high-lipidic diets, even though it is well known 
in other models of  liver injuries. GFAP is the most reliable 
marker for testing the functional status of  these liver 
cells[20]. In this sense, we used the immunohistochemical 
study of  GFAP as well as its expression by Western blot 
to evaluate the dynamics of  the PSC changes. Our results 
showed a signifi cant increase in the GFAP expression after 
the treatment of  steatotic animals with a NL-O diet.

The GFAP is an essential molecule for the formation 
and maintenance of  the characteristic cytoplasmic 
processes[12]. Moreover, the role of  PSCs in lipid storage 
and metabolism[7,17], synthesis of  growth factors, and 
particularly in regulation of  the hepatic microcirculation[10] 
is crucial in the development of  and recovery from 
steatosis. In fact , the locat ion of  GFAP-IR cel ls 
surrounding the hepatic sinusoids, and also forming 
a peculiar barrier with their processes ending in the 
vascular wall of  the periportal and pericentral vessels, 
allows us to suggest the participation of  PSCs not only 
in the lipoprotein metabolism but also in the lipoprotein 
exchange between the Disse’s space and the blood stream. 
Indeed, it has been reported that during hepatocyte 
proliferation after partial hepatectomy, PSCs send out their 
processes between hepatocytes and in vascular spaces, 
allowing the restoration of  hepatic vascularization[25]. 
Thus, the present results showing GFAP increases in the 
PSCs population after the treatment with NL-O may be 
correlated with the recovery from the steatotic process.

It was reported that the type of  fat in the diet affects 
serum lipid levels[1,4], as well as the quantity and spatial 
distribution pattern of  the fat stored in hepatocytes[4]. It is 
noteworthy that, under our experimental conditions, both 
the doses and the type of  dietary fat effectively infl uenced 
GFAP expression and the activation degree of  PSCs. It 
has been shown that activation of  PSCs by peroxidation 
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Figure 3 Distribution and location of GFAP immunoreactivity. A: GFAP-positive 
cells were distributed evenly in the lobule; B: GFAP-IR cells with processes 
circumscribing a hepatic sinusoid; C: GFAP-IR cell showing lipid droplets in its 
cytoplasm; D: GFAP-IR cell sending processes towards the vascular vessel. HS, 
hepatic sinusoid. CV, central vein; black arrow, lipid droplets; scale bar A: 100 mm; 
scale bars B-D: 10 μm.
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Figure 4 Light micrographs of representative liver sections from rats of each 
dietary group immunostained with GFAP antiserum. A: High-lipidic olive oil; B: 
normal-lipidic olive oil; C: high-lipidic sunfl ower oil; D: normal-lipidic sunfl ower oil. 
Scale bar, 10 μm.
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Figure 5 Western blot analysis of GFAP expression. Top panel: densitometric 
quantifi cation of GFAP in the high-fat-induced steatotic liver (HL-O and HL-S), and 
after its treatment with a normal-lipidic diet (NL-O, NL-S). Results were average 
values of four experimental animals in each group. HL-O, high-lipidic olive oil; 
NL-O, normal-lipidic olive oil; HL-S, high-lipidic sunfl ower oil; NL-S, normal-lipidic 
sunfl ower oil. Bottom panel: representative autoradiography of the corresponding 
GFAP band. α-Tubulin immunodetection was also included as a protein-loading 
control. Protein expression is signifi cantly greater than in HL-O group (bP<0.001).
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reactions is induced by free radicals[26,27]. In this sense, 
polyunsaturated fatty acids (PUFAs) from sunflower 
oils can be more easily affected by oxidative stress. 
Consequently, given that NL-S diet does not signifi cantly 
augment GFAP expression in the liver, we might conclude 
that PSCs from animals fed on the sunfl ower-oil diet are 
more strongly activated than those from animals fed with 
olive oil containing mainly monounsaturated fatty acids 
(MUFAs), which are less sensitive to peroxidation.

Hepatic steatosis due to excessive dietary fat contents 
is characterized by an increased collagen deposition, like 
other hepatic pathologies such as cirrhosis and fi brosis[28,29]. 
Previous studies carried out in fibrotic rats showed that 
olive oil, in contrast to polyunsaturated oils, could protect 
against the development of  fi brosis[30] though this depends 
on the experimentally induced fibrotic model that was 
employed[4]. It is therefore interesting to determine how 
the quality of  fat in the diet affects this parameter. The 
present study showed that the restoration to a NL diet in 
animals previously fed on the HL diet signifi cantly reduced 
hepatic collagen, this reduction being greater in the olive 
oil group (with a diet rich in MUFAs) than in the sunfl ower 
oil group (with a diet rich in PUFAs). These results agree 
with the observations of  Fernandez et al[31].

It is well known that hepatic steatosis raises the serum 
aminotransferase level[28,32,33], which is decreased after the 
treatment with hypocaloric diets[5,32]. Our results showed 
that treatment with a NL diet (olive or sunfl ower oil) could 
reduce the aminotransferase level. However, the decrease 
was more signifi cant in the olive oil group. Since sunfl ower 
oil is more susceptible to oxidative stress due to its PUFA 
content, its hepatic recovery ability is presumably lower. 
Polavarapu et al.[34] and Grattagliano et al.[35] found that ALT 
activity increases in alcoholic subjects fed on high PUFAs 
diets, which also supports our results.

In short, the results of  the present work indicate that 
a balanced diet enriched in olive oil contributes to the 
recovery from hepatic steatosis.
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