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A B S T R A C T

During the course of cholestatic liver diseases, the toxic effect of bile acids accumulation has been related

to the decreased expression of endothelial nitric oxide synthase (NOS-3) and cellular oxidative stress

increase. In the present study, we have investigated the relationship between these two biological

events. In the human hepatocarcinoma cell line HepG2, cytotoxic response to GCDCA was characterized

by the reduced activity of the respiratory complexes II + III, the increased expression and activation of the

transcription factor Sp1, and a higher binding capacity of this at positions �1386, �632 and �104 of the

NOS-3 promoter (pNOS-3). This was associated with a decreased promoter activity and a consequent

reduction of NOS-3 expression. The use of antioxidants in GCDCA-treated cells caused a lower activation

of Sp1 and the recovery of the pNOS-3 activity and NOS-3 expression and activity. Similarly, the specific

inhibition of Sp1 resulted in the improvement of NOS-3 expression. Both, antioxidant treatment and Sp1

inhibition were associated with the reduction of cell death-related parameters. Bile duct ligation in rats

confirmed in vitro results concerning the activation of Sp1 and the reduction of NOS-3 expression. Our

results provide direct evidence for the involvement of Sp1 in the regulation of NOS-3 expression during

cholestasis. Thus, the identification of Sp1 as a potential negative regulator of NOS-3 expression

represents a new mechanism by which the accumulation of bile acids causes a cytotoxic effect through

the oxidative stress increase, and provides a new potential target in cholestatic liver diseases.

� 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Bile salt synthesis, secretion and recycling represent crucial
liver functions for the maintenance of metabolic homeostasis.
During cholestatic liver disease (CLD), toxic bile acids are
accumulated in serum and liver as a consequence of their impaired
formation and excretion into the hepatocyte canaliculus, which
can result in fibrosis, cirrhosis and chronic liver failure [1]. It has
been proposed that the deleterious effect of the accumulation of
bile acids during cholestasis is related to oxidative stress. Thus,
liver injury occurring from the bile duct ligation has been
associated with mitochondrial dysfunction, which is an important
source of reactive oxygen species (ROS), and disturbances in the
antioxidant system [2,3].

Nitric oxide (NO) is a well-known pleiotropic agent influencing
multiple aspects of the liver physiopathology. Depending on
factors such as its concentration or generating source, NO has been
reported to act as a primary mediator of liver damage or as a potent
protective against hepatic injury [4]. In liver, NO can be
synthesized by the activity of the three known isoforms of nitric
oxide synthase (NOS), the endothelial isoform (NOS-3) being
considered as the main source of endogenous NO [5]. The use of
molecular treatments associated with the increase of NOS-3
expression and activity in CLD has shown a beneficial effect for the
liver [6,7]. In addition, the administration of antioxidants reduces
the hepatotoxicity of bile acids in vitro [8–10] and in vivo [3],
through the prevention of NOS-3 expression decrease and the
detoxification of ROS [11]. Thus, bioreactivity of NO mitigates the
effect of ROS production [12]. Besides its role in ROS detoxification,
Fig. 1. Nucleotide sequence of the human NOS-3 promoter. Sequence of 1601 bases of the

1). Circles: start codon ATG, and position �1 of the pNOS-3; Boxes: Sp1 Binding Sites;
NO can act as a cytoprotective agent by inhibiting caspases through
direct nitrosylation [13].

Glycochenodeoxycholic acid (GCDCA) is a bile salt generated in the
liver from chenodeoxycholic acid and glycine, whose relatively high
toxicity and concentration in bile and serum after cholestasis has
extended its use in cellular models of the disease [8–10]. Previously,
we have reported that NOS-3 expression is decreased in the human
hepatocarcinoma cell line HepG2 in response to GCDCA, and that the
recovery of its expression and activity is related to the cytoprotective
action of antioxidant molecules [8,9]. In the present study we set out
to identify the elements responsible for regulating NOS-3 expression
during CLD, as well as to analyse the role of oxidative stress in this
process. Clarifying molecular mechanisms  underlying hepatocellular
cytotoxicity related to cholestasis disorders could be helpful for the
design and development of new interventional strategies and
treatments.

2. Materials and methods

2.1. Cell lines and culture conditions

The human hepatocarcinoma cell line HepG2 (European
Collection of Cell Cultures) was routinely maintained as previously
reported [8,9]. The pGL4-NOS3 cell line was obtained by stable
transfection of HepG2 cells with the plasmid pGL4.20 [luc2/Puro]
(Promega, Wisconsin, USA) containing the luciferase reporter gene
under the control of the human NOS-3 promoter (pNOS-3;
1601 nucleotides, GenBank accession no. AF387340.1; Fig. 1).
Dr. Huige Li (Department of Pharmacology, Johannes Gutenberg
 50-flanking region of the human NOS-3 gene (GenBank accession number AF387340.

 Arrows: Forward/Reverse primers used in ChIP assays.
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University, Mainz, Germany) kindly donated the pNOS-3 sequence
and no sequence variations were detected after vector construc-
tion. The control cell line pGL4 was obtained by stable transfection
of HepG2 cells with the pGL4.20 [luc2/Puro] vector, without
promoter sequence insertion. For the establishment of the cell
lines, 75,000 cells/cm2 were transfected with the appropriate
vector, using the Fugene6 transfection reagent (Roche, Basel,
Switzerland) in 1:3.5 ratio (mg plasmid DNA:ml Fugene6).
Transfected cells were selected by adding 2 mg/ml puromycin
(Sigma-Aldrich, Missouri, USA) to the culture medium. Thirteen
cell clones for pGL4-NOS3 were isolated after antibiotic selection.

2.2. In vitro studies

2.2.1. Experimental procedure

Cells were plated at 150,000 cells/cm2 and 0.5 mM GCDCA
(Sigma-Aldrich) was administered after 48 h of cell culture. The
SOD mimetic MnTBAP (manganese (III) tetrakis (4-benzoic acid)
porphyrin chloride) (Calbiochem, Darmstadt, Germany) and the
mitochondria-targeted antioxidant MitoQ were administered at
concentration of 0.1 mg/ml and 1 mM, respectively. Specific
Specificity protein (Sp) transcription factor (TF) inhibitors tolfe-
namic acid (TA) and mithramycin A (MitA) were used at 60 mM and
20 nM, respectively (Sigma-Aldrich). Cells were harvested at
different times according to the parameter under study. MitoQ
was synthesized according to the procedure described by Kelso
et al. [14].

2.3. In vivo studies

2.3.1. Experimental animal model of cholestasis

Male Wistar rats (200–250 g) were kept in controlled condi-
tions of light and temperature, and were provided with food and
water ad libitum before and after surgery. Animals were treated
according to institutional guidelines, and approval to conduct this
study was granted by the Reina Sofı́a University Hospital Research
Ethics Committee. Animals were randomized into two groups:
Sham operated control group (SO group, n = 13) and bile duct
ligation group (BDL group, n = 13). Surgical procedure and sample
collection were carried out as we described before [15]. Briefly,
13 animals in each group were killed 7 days after surgery under
sevofluorane anaesthesia. Blood was collected from the abdominal
aorta and the serum obtained was frozen at �20 8C until the
measurement of biochemical parameters. After perfusion with
cold saline solution, the liver was rapidly removed for histological
examination. Some liver specimens were frozen in liquid nitrogen
and immediately stored at �80 8C for the subsequent analysis.
Fig. 2 shows a representative scheme about the experimental
procedure. It should be noted that in the BDL group there was
Fig. 2. Experimental design of the in vivo study. Before surgery, the animals were divided 

group (BDL group, n = 13). A total of 7 days after the surgical procedure, animals from bot

properly collected and stored at �808 C until used.
death from the fifth day after surgery. On the seventh day of
cholestasis (last day) the death rate was 35%. Only animals that
survived biliary obstruction were considered in the BDL group.

2.4. Preparation of cell extracts and tissue lysates

Protein extracts from HepG2 were obtained by incubating the
cells in a lysis buffer containing 50 mM Hepes, pH 7.5, 100 mM
NaCl, 2 mM EDTA, 1% NP-40, 1 mM PMSF, 5 mg/ml aprotinin and
10 mg/ml leupeptin (Sigma-Aldrich). Rat liver lysates were
obtained by mechanical disruption of liver tissue, using the
Sample Grinding Kit (GE Healthcare, Buckinghamshire, UK) and the
same buffer described above. The integrity and concentration of
protein samples were determined by the Ponceau staining and the
Bradford method, respectively.

2.5. Evaluation of parameters of oxidative stress

General ROS production and redox status was quantified by
using the fluorescent probes dihydroethidium (DHE), 2,7-dichlor-
odihydrofluorescein diacetate (H2DCFDA) and 10-acetyl-3, 7-
dihydroxyphenoxazine (ADHP) (Life Technologies, California,
USA). DHE detects cytosolic superoxide anion radical (O2

��) and
hydroxyl radical, and reacts with peroxynitrite-derived oxidants.
H2DCFDA detects hydrogen peroxide (H2O2) but also hydroxyl
radical, carbonate radical, nitrogen dioxide and thiyl radicals
resulting from thiol oxidation. ADHP oxidation is observed in the
presence of O2

�� and H2O2 [16]. Cells were incubated with 10 mM
DHE or H2DCFDA for 20 min and 30 min, respectively. After that,
cells were washed with PBS and oxidative stress production was
assessed in situ as the fluorescence emitted by DHE (lex = 510 nm/
lem = 590 nm) and H2DCFDA (lex = 500 nm/lem = 520 nm). Nega-
tive controls were carried out incubating cells with the corre-
sponding treatment and without probe. The ADHP-based ROS
detection kit was used following the manufacturer instruction.
Briefly, HepG2 cells were collected and sonicated in PBS using a
Bioruptor System UCD-200 (Diagenode, Liege, Belgium). After
removing cell debris by centrifugation, the supernatants were
aliquoted and stored at �80 8C until used. In the measurement,
50 ml from each sample were mixed 1:1 with the reaction mixture
containing the 100 mM ADHP and 0.2 U/ml horseradish peroxi-
dase, and the fluorescence increase over time was recorded using
excitation at 550 nm and fluorescence detection at 595 nm.

2.6. Enzymatic activity measurement of the respiratory complexes

Mitochondria were isolated from cultured cells as previously
described [17] and were used to measure the different enzymatic
activities. Activities of citrate synthase (CS) and respiratory
into two groups: sham operation group (control group, n = 13) and bile duct ligation

h groups were sacrificed by exsanguination and serum and liver tissue samples were
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complexes I, II, I + II, II + III and IV were measured by spectropho-
tometry as described in Lapuente-Brun et al. [18].

2.7. Cell death analysis

The apoptosis induction was assessed by the measure of
caspase-3 activity in cell extracts and in rat liver lysates (100 mg of
protein) as previously described [8,9]. Hepatocellular necrosis was
evaluated through the cellular release of lactate dehydrogenase
(LDH) as we previously described in [8]. The LDH release was
calculated as the ratio of [((LDH culture medium)/(LDH cyto-
plasm + LDH culture medium)) � 100].

2.8. Evaluation of liver injury in bile duct ligated rats

Serum concentrations of Y-glutamyltranspeptidase (GGT),
aspartate aminotransferase (AST), alanine aminotransferase
(ALT) and total and direct bilirubin were determined by commer-
cial assays as liver injury markers (Linear Chemicals SL, Barcelona,
Spain).

2.9. NOS-3 promoter activity (luciferase reporter assay)

pGL4-NOS3 and pGL4 cells (15,000/well) were plated in 384-
well black microplates. Luciferase activity was measured using the
One-Glow Luciferase Assay System (Promega). Briefly, cells were
lysed with 20 ml of 1� Lysis Buffer, and 40 ml of cell extract were
used for luciferase assay according to the manufacturer’s
recommendations.

2.10. Gene expression analysis

Gene expression at the mRNA level was determined by
quantitative real-time PCR using a One-Step QuantiTect SYBR-
Green Kit (Qiagen, Limburg, Netherlands). Total cellular RNA was
extracted, treated with RNAse-Free DNase and used as template for
mRNA amplification with specific primers. Human primers (for-
ward, F, and reverse, R) were located in the coding DNA sequence at
positions described below: NOS-3 (NM_000603.4), F: 3697–3719,
R: 3895–3873; glutathione peroxidase 4 (GPX4; NM_002085.3),
F: 403–422, R: 609–587; catalase (NM_001752.3), F: 1028–1053,
R: 1179–1159; superoxide dismutase 1 (SOD1; NM_000454.4),
F: 430–451, R: 539–519; SOD2 (NM_001024465.1), F: 708–728,
R: 867–845; ribosomal protein L13A (RPL13A; NM_012423.3),
F: 541–563, R: 666–642. Rat primers were located at positions:
Nos-3 (XM_006235872.1), F: 3274–3293, R: 3375-3355; Gpx1
(NM_030826.3), F: 312–332, R: 450–433; Gpx4 (NM_001039849.2),
F: 542–561, R: 707–688; catalase (NM_012520.2), F: 1631–1654, R:
1706–1686; Sod1 (NM_017050.1), F: 219–237, R: 319–299; Sod2
(NM_017051.2), F: 226–245, R: 416–397; hypoxanthine phosphor-
ibosyltransferase 1 (Hrpt1; NM_012583.2), F: 179–203, R: 301–277.

2.11. Protein expression analysis by Western blot

Between 80 and 100 mg of protein from cell extracts or rat liver
lysates were separated in a 10–12% SDS-PAGE, transferred to
nitrocellulose membrane and sequentially blotted against mono-
clonal or polyclonal primary antibodies. Primary antibodies were
anti-NOS-3 (sc-654, dilution 1:200), anti-Sp1 (ref. sc-420/X,
dilution 1:2000), anti-p-Sp1 (ref. ab37707, diluted 1:1000), anti-
p-JNK (ref. sc-6254, diluted 1:300), anti-p-ERK1/2 (ref. 4370,
diluted 1:2000) and b-Actin (ref. sc-47778, diluted 1: 10,000). All
antibodies were from Santa Cruz Biotechnology (California, USA),
except anti-p-Sp1 (Abcam, Cambridge, UK) and anti-p-ERK1/2
(Cell Signalling Technology, Massachusetts, USA). The densitome-
try analysis was performed by Quantity One software (v.4.4.0)
(Bio-Rad, California, USA). b-Actin was used as a loading control
in the analysis of protein expression that was performed in the
HepG2 cell line. In the rat liver lysates, the results of the Sp1
expression analysis were represented as the phosphorylated/
non-phosphorylated protein ratio. Similarly, NOS-3 protein
expression in rat liver lysates was referred to the protein load
(Ponceau staining). In this case, to avoid errors in the
quantification of the NOS-3 expression as a result of using
different gels for the analysis of numerous samples, we used one
of the control samples as an internal standard in each of the gels.
Thus, all samples in both groups control and BDL were referred to
this unique sample.

2.12. Nitric oxide production

NO production was determined by the Griess reaction as we
previously described [9]. In order to allow the accumulation of NO-
related end products nitrates and nitrites, the cell culture medium
was collected 24 h after the administration of the treatment. This
ensured the sensitivity and reproducibility of the reaction. Nitrite
concentrations were accurately determined by a nitrite calibration
curve.

2.13. Identification of transcription factors binding sites in the pNOS-3

The identification of theoretical transcription factors binding
sites (TFBS) in the pNOS-3 sequence was performed using the three
different free online software tools for TFBS prediction: Transcrip-
tion Factor Search (TFsearch v.1.3; http://www.cbrc.jp.reserach/
db/TFSEARCH.html), Transcription Element Search System (TESS;
http://www.cbil.upenn.edu/tess) and Transcription Factor Site
Scan (TF site scan; http://www.ifti.org/cgi-bin/ifti/Tfsitescan.pl).

2.14. Chromatin immunoprecipitation (ChIP)–RT-qPCR assay

ChIP-assays were performed as we previously described [19],
using isolated nuclei from the formaldehyde-cross-linked HepG2
cells. Immunoprecipitation was performed using primary antibody
anti-Sp1 and magnetic beads (Dynabeads1 Protein G, Life Technol-
ogies). RNA polymerase II (PolII) and normal rabbit IgG were used as
positive and negative control, respectively, using antibodies anti-
PolII (ref. sc-899) and anti-IgG (ref. sc-2027). 4 mg of antibody was
used for each experiment. All primary antibodies were from Santa
Cruz Biotechnology. Purified samples were analysed by RT-qPCR,
using SensiFast SYBR kit (Bioline, London, UK) and primers used to
detect target sequences were as follows (Fig. 1): -1386 Sp1 site, 50-
CTGTTGTCTCCTCCAGCATGGT-30 and 50-GGATCCAGCCCCTACTTTT-
CAG-30; -632 Sp1 site, 50-TTGTGTCCCCCACTTGAGTCA-30 and 50-
CCCCAATTTCCTGGAACCC-30; -104 Sp1 site, 50-GCGTGGAGCT-
GAGGCTTTA-30 and 50-CGCCCCTATCCCATACACA-30; NOS-3 coding
region (NM_000603.4), 50-CCGGGACTTCATCAACCAGTA-30 (positions
677–697 in exon 4) and 50-TCCGGGAAGCTGTCACCTC-30 (position
exon 4/intron 4–5); glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) coding region (NM_002046.4),  50-AGCCACATCGCTCAGA-
CACC-30 (position 155–174 in exon 2) and 50-ACCCGTTGACTCC-
GACCTT-30 (position exon 2/intron 2–3). For quantification purposes,
a calibration curve was elaborated for each amplicon by 10-fold serial
dilutions of the total input sample. Results were expressed as percent
of input considering the input as 100% and the negative control as 0%.

2.15. Immunohistochemical analysis

The expression of CD68 was analysed by immunohistochemis-
try in 4% paraformaldehyde-fixed paraffin-embedded liver tissue
sections (4 mm) mounted on glass slides coated with poly-L-lysine.
The sections were dewaxed in xylene, rehydrated in ethanol and

http://www.cbrc.jp.reserach/db/TFSEARCH.html
http://www.cbrc.jp.reserach/db/TFSEARCH.html
http://www.cbil.upenn.edu/tess
http://www.ifti.org/cgi-bin/ifti/Tfsitescan.pl
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incubated at 100 8C in ChemMate Target Retrieval Solution, pH 6.0
(Dako, Barcelona, Spain) for 20 min. After washing in PBS, the
sections were immunostained using an autostainer (Cytomation,
Dako). Slides were incubated for 10 min in 3% H2O2 to block
endogenous peroxidase and then incubated for 1 h with anti-CD68
antibody (Santa Cruz Biotechnology; ref. sc-59103; 1:50 dilution).
After washing 5 min in PBS, the slides were incubated for 30 min
with an HRP-labelled polymer (Envision System, Dako) and
developed for 15 min using diaminobenzidine. Finally, the slides
were counterstained with hematoxylin and mounted in Eukitt
mounting medium (Sigma-Aldrich).

2.16. Statistical analysis

Results were expressed as mean � standard error of a minimum
of 3 independent experiments. Data were compared using the non-
parametric method Kruskal-Wallis, and the Dunnett’s T3 test as post
hoc multiple comparison analysis. Data from ChIP analysis and
respiratory activity experiments, involving control and GCDCA-
treated samples, as well as those from the in vivo study were
Fig. 3. GCDCA induces oxidative stress and cell death in HepG2 cells. (A) Overall ROS pr

(n = 3). Cell death was assessed by the measure of (B) caspase-3 activity (n = 5) and (C) LD

GCDCA and/or MnTBAP administration. Data expressed as mean � SE. Statistically signi
analysed with the Mann-Whitney U test. Statistical differences were
set at p < 0.05 in all studies. All tests and calculations were done with
the statistical package StatView 5.0 (SAS Institute, Inc.) and SPSS 15.0
(IBM) for Windows.

3. Results

3.1. GCDCA induces cell death associated with oxidative stress

increase and antioxidant system dysfunction

In HepG2 cells, the administration of GCDCA induced oxidative
stress (268% for DHE, p = 0.045; 386% for H2DCFDA, p = 0.002; 219%
for ADHP, p = 0.049) (Fig. 3A) and cell death (222% for caspase-3
activity, p = 0.002; 186% for LDH release, p = 0.006) (Fig. 3B and C).
This coincided with a decrease in the activity of the oxidative
phosphorylation (OXPHOS) system (Fig. 4A) and with disturbances
in the cellular antioxidant system (Fig. 4B). Thus, GCDCA caused
the inhibition of the respiratory complex II + III activity (56%,
p < 0.001) and the expression deregulation of the antioxidant
genes SOD1 (55%, p = 0.002), SOD2 (42%, p < 0.001) and catalase
oduction was quantified by using the fluorescent probes DHE, H2DCFDA and ADHP

H release (n = 4). The parameters were determined at 6 h (A) or 24 h (B and C) after

ficant difference versus control group* or versus GCDCA group# are marked.



Fig. 4. Deregulation of respiratory activity and the antioxidant gene expression in GCDCA-treated cells. (A) Activity of respiratory complexes I, I + III, II, II + III and IV (n = 6).

Citrate synthase (CS) activity was used as a normalizing. (B) Quantification of gene expression by RT-qPCR (n = 6). (C) Activity of respiratory complex II + III (n = 6). Cells not

exposed/exposed to GCDCA were treated with MnTBAP or MitoQ. The parameters were determined at 6 h after GCDCA and/or MnTBAP or MitoQ administration. Data

expressed as mean � SE. Statistically significant difference versus control group* or versus GCDCA group# are marked.
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(55%, p < 0.001). The administration of MnTBAP reduced the
hepatocellular damage (Fig. 3B and C) by preventing ROS
production (Fig. 3A) and by modulating the antioxidant defense
machinery (Fig. 4B) in GCDCA-treated HepG2 cells. Thus, MnTBAP
recovered the gene expression level of SOD1, SOD2, GPX4 and
catalase. Likewise, in the presence of the bile salt, MitoQ restored
the activity of the respiratory complex II + III (Fig. 4C) and the basal
expression of antioxidant genes (Fig. 4B).

3.2. Oxidative stress induced by GCDCA negatively regulates the

transcriptional activity of pNOS-3 and NOS-3 expression and activity

As Fig. 5 shows, GCDCA administration decreased: (A) transcrip-
tional activity of pNOS-3 (46%, p = 0.021), (B) NOS-3 mRNA levels
(41%, p = 0.015), (C) NOS-3 protein expression (64%, p = 0.046) and
(D) the end products of NO oxidation, nitrites and nitrates (64%,
p = 0.021). MnTBAP treatment reversed the described effects
associated with the administration of the bile acid, and totally/
partially recovered the pNOS-3 activity, NOS-3 mRNA and protein
levels and nitrite/nitrate production. Similarly, the administration of
the mitochondria-targeted antioxidant MitoQ recovered the pNOS-3
activity (Fig. 5A).

3.3. GCDCA-induced oxidative stress stimulates the expression and

activation of Sp1

Bioinformatic analysis of the pNOS-3 sequence identified three
candidate binding sites for Sp1, which could be involved in the
modulation of NOS-3 expression. These Sp1 binding sites were
identified unanimously by the three prediction programs used at
positions described in Table 1. To elucidate whether Sp1 was
involved in the NOS-3 regulation during cytotoxicity by GCDCA, we
determined its expression and activation rates in HepG2 cells.
GCDCA increased the protein expression level (166%, p = 0.008)



Fig. 5. Effect of GCDCA-induced oxidative stress on NOS-3 expression and activity. (A) NOS-3 promoter activity (n = 4). (B) NOS-3 gene expression (n = 4). (C) NOS-3 protein

expression (n = 3). (D) NO-related end products (n = 3). The parameters were determined at 6 h (A), 12 h (B) and 24 h (C and D) after GCDCA and/or MnTBAP administration.

Data expressed as mean � SE. Statistically significant difference versus control group* or versus GCDCA group# are marked.
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and phosphorylation state (200%, p = 0.003) of Sp1. Because the
expression and activation of Sp1 can be regulated by the mitogen-
activated protein kinase (MAPK) pathway, we next analysed the
activation state of kinases JNK (cJun-terminal kinase) and ERK1/2
(extracellular-signal-regulated kinase). GCDCA administration
increased the protein levels of phospho-JNK (235%, p < 0.001)
Table 1
Proposed Sp1 binding sites in the NOS-3 promoter region (1.6 kb, GenBank accession n

TF TFSEARCH TESS 

Position Sequence Position 

Sp1 �1386 GGGGTGGGGT �1384 

�632 GGGGCTGGGA �632 

�104 GGGGCGGGGC �104 

K is G/T, R is A/G.
and phospho-ERK1/2 (389% p = 0.015/271% p = 0.034) in HepG2
cells. Cellular protection against oxidative injury by treatment
with any of the described antioxidants, MnTBAP or MitoQ, reduced
the expression and phosphorylation rates of Sp1 and the activation
of MAPKs JNK and ERK1/2 during GCDCA-induced cytotoxicity
(Fig. 6A and B).
o. AF387340.1).

TFSITESCAN

Sequence Position Sequence

GGTGGG �1385 CCCACC

KRGGCKRRK �632 KRGGCKRRK

GGGGCGGGGC �104 GGGGCGGGGC



Fig. 6. Expression of Sp1 and MAPKs in GCDCA-treated cells. (A) Effect of the administration of MnTBAP or MitoQ (12 h). Representative western blots for (p-)Sp1 (n = 4 and 5,

respectively), p-JNK (n = 3) and p-ERK1/2 (n = 3) in HepG2 cell lysates. (B) Densitometry analysis of blots included in panel A. (C) Effect of the administration of Sp1 inhibitors,

Tolfenamic acid (TA) and Mithramycin A (MitA) (6 h). Representative western blot for p-Sp1 (n = 3) in cell lysates. (D) Densitometry analysis of blots included in panel C. In the

densitometry analysis, the ‘‘+’’ sign indicates GCDCA-G- administration plus the showed treatment. Data as mean � SE. Statistically significant difference versus control group*

or versus GCDCA group# are marked.
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3.4. Sp1 participates in NOS-3 downregulation during GCDCA-

induced cytotoxicity

Then, we evaluated the involvement of Sp1 in the NOS-3
regulation during GCDCA-induced cell death by testing specific
inhibitors TA and MitA. Fig. 6C and D shows the effect of TF
inhibitors on the phosphorylation state of Sp1. Both of inhibitors
were able to inhibit the GCDCA-induced activation of Sp1.

When we later investigated the effect of Sp1 inhibition in
GCDCA-treated pGL4-NOS3 cells, we found that both TA and MitA
were able to restore the pNOS-3 transcriptional activity (Fig. 7A)
and the NOS-3 protein expression (Fig. 7B). This fact was related to
a higher extracellular concentration of NO-oxidation end products
(Fig. 7C) and to a marked reduction on caspase-3 activity (Fig. 7D).
No additional effect on pNOS-3 activity was observed when Sp1
inhibitors were combined (data not shown).

3.5. GCDCA increases Sp1 binding to pNOS-3

In order to test the effect of GCDCA administration on the Sp1
binding capacity to the pNOS-3 sequence, we performed ChIP
assay. We selected the three candidates Sp1 binding sites



Fig. 7. Role of Sp1 in NOS-3 regulation during cytotoxicity by GCDCA. Cells not exposed/exposed to GCDCA were treated with Tolfenamic acid (TA) or Mithramycin A (MitA).

(A) NOS-3 promoter activity (n = 6). (B) NOS-3 protein expression (n = 3). (C) NO-related end products (n = 3). (D) Caspase-3 activity (n = 4). Parameters were determined at

6 h (A, B, D) and 24 h (C) after treatment. Data expressed as mean � SE. Statistically significant difference versus control group* or versus GCDCA group# are marked.
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identified at positions �1386, �632 and �104 of the pNOS-3
(Table 1 and Fig. 1), and we used GAPDH and NOS-3 as positive
controls of immunoprecipitation and gene expression, respectively
(Fig. 8A). Immunoprecipitation of samples from HepG2 cells with
anti-Sp1 antibody showed binding of Sp1 at positions �1386
(p = 0.049), �632 (p = 0.034) and �104 (p = 0.034) of the pNOS-3
after GCDCA administration (Fig. 8B). No binding of Sp1 to the
pNOS-3 was detected at basal condition.
Fig. 8. Sp1 binding to the NOS-3 promoter. (A) Gene expression of glyceraldehyde 3-phosp

binding to the NOS-3 promoter at positions �1386, �632 and �104. Data expressed as m

control group is marked*.
3.6. The in vivo model of cholestasis reproduces the GCDCA model in

HepG2 cells

Biliary obstruction increased total and direct bilirubin, and
hepatic injury markers GGT, AST and ALT in serum from rats as a
consequence of cholestasis (Bile Duct Ligated group, BDL;
p < 0.001) (Table 2). In the same way, the in vivo model of
cholestasis was associated with: (A) macrophage invasion; (B)
hate dehydrogenase (GAPDH) and NOS-3 as positive controls. (B) Enrichment of Sp1

ean � SE of three independents experiments. Statistically significant difference versus



Table 2
Serum markers of liver function and cholestasis.

GGT (IU/l) AST (IU/l) ALT (IU/l) TB (mg/dl) DB (mg/dl)

SO group 4 � 0 62.92 � 2.74 44 � 6.65 0.13 � 0.013 0.1 � 0

BDL group 52.38 � 6.90* 332.54 � 45.71* 130.22 � 17.85* 9.13 � 0.86* 7.03 � 0.66*

SO, Sham operated group (n = 13); BDL, bile duct ligation group (n = 13). Data expressed as mean � SE (p � 0.05). Statistically significant difference versus SO group is marked*.
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the expression decrease of antioxidant genes Sod1 (34%), Sod2
(57%), catalase (25%), Gpx1 (23%) and Gpx4 (38%) (p < 0.001);
(C) the increase of the ratio between the phosphorylated and
non-phosphorylated forms of Sp1 (182%, p = 0.024); (D) the
inhibition of Nos-3 mRNA expression (83%, p = 0.001) and (E)
NOS-3 protein expression (83%, p = 0.034); and (F) the increase of
caspase-3 activity (166%, p = 0.033) in liver tissue (Fig. 9).

Since the bile duct ligation induced the expression of the
commonly used loading control proteins b-actin and GAPDH in the
rat liver lysates (data not shown), we assessed the phosphorylated/
non-phosphorylated protein ratio in the expression analysis of Sp1
in these samples (Fig. 9C). Similarly, the NOS-3 protein expression
in the liver tissue was referred to the protein load (Fig. 9E).

4. Discussion

Although bile salts are not oxidants per se, these have been
related to oxidative damage and NOS-3 expression deregulation
[6], which are considered two main events in the pathogenesis of
CLD. Actually, both, oxidative stress and NOS-3 expression
regulation, are processes that are closely related and can be
regulated to each other. Thus, using antioxidants or molecular
treatments related to NO release or the recovery of NOS-3
expression has proven therapeutic efficacy against hepatotoxicity
by bile acids. In the present study, we have investigated the
relationship between these two biological processes and we have
identified Sp1 as a candidate TF involved in the NOS-3 expression
regulation during CLD.

In our cell model of cholestasis, GCDCA triggered hepatocellular
damage and caused a reduction in NOS-3 expression by altering
cellular redox homeostasis. The administration of the bile salt was
related to the decrease of the combined activity of respiratory
complexes II + III (but not of complexes I + III), which indicates a
failure in the electron flow between respiratory complexes II and
III. In this regard, the electron leak at the ubiquinone-complex III
site is considered the main source of ROS generation during bile
acid-induced toxicity [20] since it enhances the formation of O2

��,
which is a precursor of most other ROS [21]. The effect of GCDCA on
the activity of mitochondrial complexes II + III was consistent with
that associated with CDCA in isolated mitochondria from rat liver.
However, in that approach, OXPHOS system was more sensitive to
the non-conjugated form of the bile acid at lower concentra-
tions.[22] As expected, oxidative stress prevention by administra-
tion of the cell permeable SOD mimetic MnTBAP was associated
with the gene expression recovery of the cellular antioxidant
system and the increase of the NOS-3 expression and activity. This
resulted in an increase in cell survival as measured by the decrease
on caspase-3 activity and LDH release. Concerning the use of
MnTBAP as a specific superoxide scavenger, it should be noted that
non-porphyrin Mn species that appears as impurities in commer-
cial MnTBAP preparations exhibit SOD-like activity and are very
effective in dismuting O2

�� [23,24]. Furthermore, the administra-
tion of ubiquinone through the mitochondria-targeted antioxidant
MitoQ also recovered the activity of the pNOS-3. According to the
literature, MitoQ caused the activity recovery of the respiratory
complex II + III [14] in the presence of GCDCA. This was related to
oxidative stress reduction, NOS-3 protein increase and cellular
protection against GCDCA [9]. NOS-2 gene expression was not
detected before or after GCDCA treatment (data not shown).

Functional characteristics of the human pNOS-3 are extremely
complex, and particularly interrelation among cis-elements
remains to be elucidated. Different conditions involved in the
generation of oxidative stress may up-regulate [25] or down-
regulate [26] the pNOS-3. However, there is no evidence about the
elements involved in the regulation of NOS-3 expression during
GCDCA-induced cytotoxicity. Bioinformatic analysis of the pNOS-3
sequence identified different TFBS for Sp1. This was particularly
interesting because Sp1 is a redox-sensitive TF involved in a variety
of cellular processes including the NOS-3 expression regulation
[27–29] and the bile acid-induced cell apoptosis [30]. The cellular
response to GCDCA was characterised by the increase of expression
and activation of Sp1 (which was associated with the activation of
MAPKs JNK and ERK1/2) and by a greater binding capacity of this to
the TFBS identified in the pNOS-3 at positions �1386, �632 and
�104. This resulted in a decrease of pNOS-3 activity and NOS-3
protein expression. The administration of MnTBAP significantly
reduced the GCDCA-dependent activation of Sp1, and caused the
recovery of the pNOS-3 transcriptional activity and NOS-3
expression, the accumulation of NO end-products nitrates and
nitrites, and the reduction of cell death related parameters.
Similarly, MitoQ reduced the expression and/or activation of Sp1
and induced the pNOS-3 activity, which was related to the NOS-3
expression/activity increase and the cell survival [9]. This is
consistent with a model of gene expression regulation by oxidative
stress instead of direct interaction with TFs [31], and agrees with
the MAPKs regulation mechanism through oxidative stress
induced by bile acids [32].

Sp1 binding to the pNOS-3 has been related to NOS-3 up-
regulation induced by cytotoxicity [33] or by free radical
scavenging [34]. Kumar et al. demonstrated that Sp1 binding to
the pNOS-3 regulates the promoter activity in response to
oxidative stress [26]. However, in that report, the addition of
H2O2 decreased the promoter activity by reducing the binding
capability of Sp1. Here, we also observed a promoter activity
decrease as a consequence of a higher intracellular production of
ROS, but it was associated with an increase of Sp1 binding to the
pNOS-3. The specific inhibition of Sp1 with TA (which induces the
degradation of Sp1, Sp3 and Sp4) [35] or MitA (which selectively
displace Sp1 from its binding site) [36,37] resulted in cellular
protection against GCDCA-induced cell death through the same
mechanism described above for the antioxidants. Thus, Sp1
inhibition caused the recovery of the pNOS-3 activity and the
NOS-3 expression in GCDCA-treated HepG2 cells. These results
suggest that Sp1 is not essential for NOS-3 expression. Actually,
Sp1 could function as a transcriptional repressor of NOS-3 gene
expression through direct binding to the promoter sequence at
positions described above. In this regard, it should be noted that
histone deacetylase 1 (HDAC1) plays a critical role in the NOS-3
repression [38] through its direct binding to Sp1 [39]. Interestingly,
the pNOS-3 activity can be also regulated by methylation [40],
which is a process that is associated with histone deacetylation
[41].

In the model of experimental cholestasis in vivo, the reduction
of the cellular antioxidant status (which reflects a liver response to



Fig. 9. Animal model of cholestasis. (A) CD68 expression was analysed by immunohistochemistry in order to confirm the presence or absence of macrophage invasion

previously evaluated by HE staining. The macrophage invasion foci are marked with arrows. The number of positive cases in SO group (n = 13) and BDL group (n = 13) were

1 and 10, respectively. (B) Expression levels of antioxidant genes Sod1, Sod2, catalase, Gpx1 and Gpx4. (C) Representative images for Ponceau staining and western blots for

(p-)Sp1. The densitometry analysis of blots is showed as the ratio p-Sp1/Sp1. (D) NOS-3 mRNA expression. (E) Representative western blot for NOS-3 expression (SO group,

n = 10; BDL group, n = 10). (F) Caspase-3 activity. Data expressed as mean � SE. Representative Western blot images include three independent samples from each group.

Statistically significant difference versus SO group is marked*.
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oxidative stress) was related to the activation of Sp1, the inhibition
of NOS-3 expression and the hepatocellular damage. Bile duct
ligation induced the expression of proteins b-actin and GAPDH.
This result is not surprising since the hepatic cholestasis was
associated with tissue fibrosis [15], and liver fibrosis has been
previously linked to changes in the expression of commonly used
loading control proteins [42,43]. We have previously shown that
NOS-2 overexpression in the BDL group is associated with the
hepatocellular injury [15]. According to the results of the present
study, the adverse effects exerted by NO during cholestatic injury
might be due to both the increase in NOS-2 and the reduction in
NOS-3 expression. This agrees with the reported during the
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progression of liver fibrosis [44]. Here, we found evidences for
macrophage invasion in liver tissue sections from BDL animals.
This observation was interesting because activated macrophages
are an important source of ROS [45] and NOS-2-derived NO [46],
and have been associated with many inflammatory models of liver
injury. Thus, it is generally accepted that innate immune cells
including Kupffer cells and infiltrating macrophages are activated
after liver damage and can deteriorate the initial liver injury
[47]. Because of this, we cannot rule out a significant role for
macrophage invasion in the NOS-3 expression regulation by
oxidative stress during cholestasis, or in the change of NOS-2/NOS-
3 expression ratio during the progression of chronic liver injury.

In summary, GCDCA-induced oxidative stress was related to:
(1) the expression and activation increase of Sp1, (2) the increased
binding of Sp1 to the pNOS-3 at described positions, (3) the
decrease of the NOS-3 promoter activity and the NOS-3 protein
expression and associated activity, and (4) the cell death. In the
cellular model of cholestasis, the inhibition of Sp1 was related to
cell survival. Further investigation is required to determine the
therapeutic value of Sp1 inhibitors for the treatment of cholestatic
liver diseases. In this regard, it is important to note that TA is a non-
steroidal anti-inflammatory drug (NSAID) whose side effects
include dose-related gastrointestinal toxicity [48] and drug-
induced liver injury [49]. On the other hand, the antibiotic MitA
causes undesirable toxic side effects at doses commonly used to
treat different diseases [50,51]. Therefore, care should be taken
when assessing the therapeutic power of these drugs. The
regulation of Sp1 by oxidative stress and the involvement of
NOS-3 in this process represent a new mechanism by which the
accumulation of bile acids causes a cytotoxic effect, and provides a
new potential therapeutic target for CLD.
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