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Acidosis 
metabólica

[Na+] intracelular

Depleción de ATP

O2O2

Acumulación 
metabolitos ATP

Alteración sistemas 
ATP-dependientes

Bombas 
transportadoras

[Ca2+] citosólico

Edema 
intracelular

Edema 
intracelular

Activación 
fosfolipasas
y proteasas
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Endothelial expression of transcription factor
Kruppel-like factor 2 and its vasoprotective target
genes in the normal and cirrhotic rat liver

Jorge Gracia-Sancho,1,2 Lucia Russo,1 Héctor Garcı́a-Calderó,1

Joan Carles Garcı́a-Pagán,1 Guillermo Garcı́a-Cardeña,2 Jaime Bosch1

ABSTRACT
Objective The transcription factor Kruppel-like factor 2
(KLF2) modulates the expression of multiple endothelial
vasoprotective genes. In the absence of KLF2, the
endothelial phenotype becomes dysfunctional. To date,
blood-derived shear stress is the main physiological
stimulus identified to trigger and sustain endothelial KLF2
expression. Portal hypertension is a common
complication of cirrhosis. Sinusoidal distortion and
endothelial dysfunction play a significant role in its
pathogenesis. This study aimed to assess whether
abnormal intrahepatic haemodynamics in cirrhosis could
modify KLF2 expression and consequently its
downstream transcriptional programmes.
Design Rats received carbon tetrachloride or vehicle for
two (acute injury), six (early cirrhosis) and twelve weeks
(advanced cirrhosis). Systemic and hepatic
haemodynamic parameters were measured in vivo.
Hepatic expression of KLF2 and its vasoprotective
targets were determined. Additionally, KLF2 expression
was determined in liver sections, in freshly-isolated
hepatic endothelial cells, and in livers from simvastatin-
treated cirrhotic animals.
Results Cirrhotic livers have increased endothelial KLF2
expression compared with controls. KLF2 elevation,
observed at six weeks of cirrhosis induction, was
accompanied by a parallel increase in portal pressure and
an increase in the expression of its target genes eNOS,
thrombomodulin and CNP. Simvastatin administration
further increased hepatic KLF2 and target genes expression.
Conclusions This study shows an increase in the
expression of the vasoprotective transcription factor KLF2 in
the cirrhotic liver, accompanied by an activation of its
downstream transcriptional programmes. These data
suggest that the marked increase in KLF2 expression may
represent an endothelial compensatory mechanism to
improve the ongoing vascular dysfunction in the
cirrhotic liver.

Kruppel-like factors (KLF) are a subclass of the zinc
finger family of transcription factors that regulate
cellular growth and tissue development.1 KLF
typically bind to GC-rich or CACCC sequences in
the promoter region of target genes to regulate their
transcriptional activity. One member of the KLF
family, KLF2, is highly expressed in the vascular
endothelium and it is required for normal vessel
development.2 3 It has been demonstrated that
KLF2 expression confers endothelial protection
against inflammation, thrombosis and vasocon-
striction (figure 1). In fact, KLF2 expression

attenuates cytokine-mediated induction of pro-
inflammatory targets such as E-selectin,4 inhibits
the expression of vascular destabilisation molecules
such as angiopoietin 2,5 induces gene expression of
antithrombotic agents such as the blood coagula-
tion inhibitor thrombomodulin,6 7 and potently
activates vasodilatory pathways such as the endo-
thelial-derived hyperpolarising factor c-type natri-
uretic peptide (CNP) or the endothelial nitric oxide
synthase (eNOS).5

< An additional figure 1 is
published online only. To view
this file please visit the journal
online (http://gut.bmj.com).
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Significance of this study

What is already known about this subject?
< The transcription factor KLF2 protects the

endothelium inducing the expression of
a variety of vasoprotector genes/proteins.

< Shear stress is the most potent inducer of KLF2
expression.

< Most of these findings were described in
cultured endothelial cells isolated from large
vessels. Characterisation of KLF2 in microvas-
cular vessels or specialised endothelium such as
the liver SEC has never been reported.

What are the new findings?
< SEC express KLF2 in a shear stress-dependent

manner.
< Cirrhotic livers exhibit an upregulation in KLF2

and its vasoprotective target genes mRNA
expression (including eNOS and thrombomodulin).

< The determined increment in KLF2 mRNA
expression results in an increase in KLF2 and
thrombomodulin protein expression; however,
eNOS protein synthesis is misregulated in
cirrhotic livers.

< Simvastatin upregulates hepatic KLF2 and its
derived vasoprotective transcriptional programmes.

How might it impact on clinical practice in the
foreseeable future?
< Our data suggest that upregulation in KLF2

expression may represent a compensatory
mechanism to improve the sinusoidal endothe-
lial dysfunction characteristic of the cirrhotic
liver.

< Our data open the rationale to investigate
whether modulating KLF2 expression/activity
may be a potential target in the management
of cirrhosis and in liver preservation.
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Blood flow-derived shear stress is one of the most important
biomechanical stimuli that induces KLF2 expression, both in
vivo and in cultured endothelial cells.5 8 9 In addition, endo-
thelial cells exposed to disturbed shear stress do not express
KLF2, providing evidence that KLF2 expression is selectively
induced by distinct types of flow.5 8 9

Portal hypertension syndrome is defined by a pathological
increase in the portal venous pressure derived from increments in
intrahepatic resistance (IHR) and portal blood flow (PBF) and
represents a major complication of liver cirrhosis.10 This
increased liver resistance to PBF is partly the result of an injured
and therefore dysfunctional hepatic endothelium, which
synthesises large amounts of vasoconstrictor prostanoids11 12 and
reduced quantities of vasodilators such as nitric oxide (NO).13

The main hypothesis of the present study was that hepatic
haemodynamic variations occurring during cirrhosis develop-
ment could modify the hepatic endothelial KLF2 expression,
thus altering the vasoprotective KLF2 target gene expression. In
the present study we thus characterised the expression of KLF2
and its main target genes at three different phases of the
induction of experimental cirrhosis.

METHODS
Induction of cirrhosis by CCl4
Eighteen male Wistar rats weighing 50e75 g underwent inha-
lation exposure to carbon tetrachloride (CCl4) for 2, 6 or
12 weeks (n¼6 per group). Phenobarbital (0.3 g/l) was added
to the drinking water as previously described.11 After these
periods of CCl4 administration, treatment was stopped and
the subsequent experiments were performed 1 week later.
Age-matched control animals (n¼6 per group) received only
phenobarbital. The animals were kept in environmentally
controlled animal facilities at the IDIBAPS. All experiments
were approved by the Laboratory Animal Care and Use
Committee of the University of Barcelona, and were conducted
in accordance with the ‘Guide for the Care and Use of Labora-
tory Animals’ (National Institutes of Health, NIH publication
86-23, revised 1985).

In-vivo haemodynamic studies
Under anaesthesia with intraperitoneal ketamine hydrochloride
(Ketalar, 100 mg/kg bodyweight; Parke-Davis SL, El Prat de
Llobregat, Barcelona, Spain) and midazolam (5 mg/kg body-

weight; Reig Jofre SA, Sant Joan d’Espi, Barcelona, Spain)
a tracheotomy was performed and a polyethylene PE-240 tubing
was inserted into the trachea to ensure a patent airway. PE-50
catheters were introduced into the femoral artery, for arterial
pressure recording (mm Hg), and into the portal vein through
an ileocolic vein, to measure portal pressure (mm Hg). Then, the
portal vein was carefully dissected free from connective tissue,
and a non-constrictive perivascular transit-time ultrasonic
flow probe (2PR, 2-mm diameter; Transonic Systems, Ithaca,
New York, USA) was placed around this vessel. The flow
probe was connected to a flow metre, to measure the portal vein
blood flow (ml/min 100 g/bodyweight). Intrahepatic resistance
(mm Hg/ml per min/g) was calculated as: portal pressure/
(portal vein blood flow/liver weight). Blood pressures and flows
were registered on a multichannel computer-based recorder
(PowerLab; ADInstruments, Colorado Springs, Colorado, USA).
The external zero reference point was placed at the midportion
of the animal. Haemodynamic data were collected after a 30-min
stabilisation period.

Liver histology
Liver tissue blocks from animals receiving CCl4 were fixed in
10% buffered paraformaldehyde and embedded in paraffin.
Sections (10 mm) were cut and stained with haematoxylin and
eosin (H&E) and with Masson’s trichromic staining specifically
to stain fibrous tissue components. The degree of fibrosis was
assessed using image analysis techniques. Briefly, 10 Masson’s
staining representative sections per animal were obtained and
the positive area was measured with freeware NIH Image J 1.38
(National Institute of Health, Bethesda, Maryland, USA). The
results were expressed as a fibrosis ratio (%), calculated as the
ratio of the Masson’s positive area to the total area examined.

SEC isolation and exposure to shear stress
Sinusoidal endothelial cells (SEC) were isolated from control and
cirrhotic rat livers (n¼3 per group) and cultured as previously
described.12 14 Briefly, after liver collagenase perfusion and
isopycnic sedimentation of the resulting dispersed cells through
a two-step density gradient of Percoll, pure monolayer cultures
of SEC were established by selective attachment on a substrate
of collagen I. SEC monolayers were cultured in the presence of
vascular endothelial growth factor (VEGF; 40 ng/ml) and
exposed to static conditions or to unidirectional laminar flow for

Figure 1 Scheme of Kruppel-like factor
2 (KLF2) induction and regulation in
endothelial cells. Mitogen-activated
protein kinase 5 (MEK5),
mitogen-activated protein kinase 7
(ERK5), myocyte enhancing factor 2
(MEF2), KLF2, endothelial nitric oxide
synthase (eNOS) and thrombomodulin
(TM).
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12 h using a cell culture flow chamber (IBIDI, Munich,
Germany). Applied shear stress (14.1 dyn/cm2) was previously
characterised for SEC in-vitro flow studies.15 All experiments
were performed on high purity (>90%) and viability (>95%)
cells on the first passage. To preserve its typical phenotype shear
stress stimulus was initiated 12 h after SEC isolation.

In-vivo KLF2 induction
A subgroup of cirrhotic animals (12 weeks of CCl4 exposure,
n¼6 per group) received the KLF2-inducer simvastatin (25 mg/kg
per day, by mouth), or its vehicle, for 3 days.16 Afterwards, the
expression of KLF2 and its vasoprotective target genes was
determined as described below.

RNA isolation and reverse transcription
Total RNA was isolated from frozen control and CCl4-treated
rat livers and from fresh SEC using the Trizol method
(Invitrogen, El Prat de Llobregat, Barcelona, Spain). RNA was
treated with DNAse (Ambion, Austin, Texas, USA) to eliminate
contaminating DNA. For complementary DNA synthesis, 1 mg
of total RNA was retrotranscribed using Moloney-murine
leukemia virus (MLV) reverse transcriptase and random
hexamers, as described by the manufacturer (Invitrogen).

Real-time quantitative PCR of KLF2 and its target genes
cDNA templates were amplified by real-time quantitative
(RT)ePCR using the fluorescent TaqMan technology (Applied
Biosystems, Foster City, California, USA) on an ABI Prism 7900
sequence Detection System (Applied Biosystems). The quanti-
fication of rat KLF2, its target genes thrombomodulin, eNOS,
CNP, VEGF, angiopoietin 2 and the endogenous control 18S RNA
was performed using predesigned gene expression assays
obtained from Applied Biosystems according to the manufac-
turer ’s protocol.
Each PCR reaction was carried out with 2 ml of the hepatic

cDNA sample, 13TaqMan Universal PCR Master Mix (Applied
Biosystems), and primers and probe in a final volume of 20 ml, as
recommended by the manufacturer. After an initial denaturation
step at 958C for 10 min, 40 cycles were performed as follows:
958C for 15 s and 608C for 1 min.
All experiments were performed in duplicate and several

negative controls were included. Gene expression was related to

a standard curve derived from serial dilutions (10�1e10�4) of
a random sample cDNA. Standard curves were constructed by
plotting the log of standard dilutions versus the threshold cycle
(CT) values, CT being the fractional cycle number at which the
fluorescence passes a fixed threshold. The messenger RNA
concentration of each gene in hepatic samples was calculated
referring the sample CT to the standard curve, and normalised
with the corresponding value of endogenous control CT as
recommended in the TaqMan user ’s manual. Values were
expressed as relative units.

Western blot analysis of KLF2 and its targets
Protein expression for KLF2, thrombomodulin, eNOS,
phosphorylated eNOS at Ser1176 (P-eNOS), VEGF and CNP in
rat livers from CCl4-treated and control rat livers was assessed
bywesternblot. Liverswere collected, snap frozen in liquidnitrogen
and homogenised in triton-lysis buffer as previously described.17

Aliquots from each sample containing equal amounts of protein
(100 mg) were run on a 10% sodium dodecylsulphate poly-
acrylamide gel, and transferred to a nitrocellulose membrane. After
the transfer, the blots were subsequently blocked for 1 h with Tris-
buffered saline containing 0.05% (vol/vol) Tween 20 and 5% (wt/
vol) non-fat dry milk and subsequently incubated with primary
antibodies overnight at 48C.Thenmembraneswere incubatedwith
the appropriate horseradish peroxidase-conjugated secondary
antibody for 1 h at room temperature.
Protein expression was determined by densitometric analysis

using the Science Lab Image Gauge (Fuji Photo Film GMBH,
Düsseldorf, Germany). After stripping, blots were assayed for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Santa
Cruz Biotechnology, Santa Cruz, California, USA) expression as
standardisation of sample loading. Quantitative densitometric
values of all proteins were normalised to GAPDH.

Immunohistochemistry
KLF2 immunostaining was performed in paraffin-embedded liver
sections from control and cirrhotic livers using a goat-anti-KLF2
antibody (N-13; Santa Cruz Biotechnology)18 or phosphate-
buffered saline, as negative control, and diaminobenzidine as
chromogen. Slides were counterstained with H&E, and images
were acquired using a microscope equipped with a digital
camera.

Figure 2 Haemodynamic studies.
Mean arterial pressure (MAP), portal
pressure (PP), portal blood flow (PBF)
and intrahepatic resistance (IHR)
variations along cirrhosis induction in
rats by carbon tetrachloride (CCl4)
inhalation (CCl4 group) compared with
age-matched vehicle-receiving animals
(control group). Results are shown as
mean6SEM. (*p<0.05 vs control).
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Drugs and reagents
Collagenase was from Roche Diagnostics (Mannheim,
Germany). Percoll was from Amersham Biosciences (Uppsala,
Sweden). Reagents for cell culture were provided by Biological
Industries Ltd. (Kibbutz Beit Haemek, Israel). Gey ’s balanced
salt solution (GBSS), acrylamide and other chemical reagents
were purchased from Sigma (Tres Cantos, Madrid, Spain).

Statistical analysis
Statistical analysis was performed using the SPSS 14.0 for
Windows statistical package. All results are expressed as
mean6SEM. Comparisons between groups were performed
with analysis of variance followed by Tukey ’s test or with
Student’s t test or the ManneWhitney t test when adequate.
Differences were considered significant at a p value less than 0.05.

RESULTS
Haemodynamic changes during induction of cirrhosis by CCl4
administration
Two weeks of cirrhosis induction did not modify any of the
systemic or the hepatic haemodynamic parameters compared
with control animals (figure 2).

At 6 weeks of CCl4 treatment rats showed a significant
increase in the portal pressure compared with those animals
receiving vehicle. This was associated with non-significant
increases in IHR and PBF (figure 2).
After 12 weeks of CCl4 administration, animals presented with

ascites, hypotension and a further significant increase in portal
pressure, due to both a rise in PBF and in intrahepatic vascular
resistance compared with animals receiving vehicle (figure 2).

Liver fibrosis
CCl4 administration led to progressive hepatic fibrosis and archi-
tectural damage (figure 3). Whereas no significant histological
changes were observed after 2 weeks of CCl4 administration, at
6 weeks of starting the cirrhosis induction programme rats receiving
CCl4 presented with periportal fibrosis and the formation of thin
septa, with complete nodule formation in half of the animals.
These changes were approximately threefold greater at 12 weeks,
when rats had already developed advanced cirrhosis and ascites.

Hepatic KLF2 expression
Control and CCl4-treated rat livers expressed KLF2 mRNA and
protein.

Figure 3 Histopathology analysis. (A) Representative images of haematoxylin and eosin-stained liver sections from control and carbon tetrachloride
(CCl4)-treated rats. (B) Top: Representative images of Masson’s trichromic stained liver sections from control and CCl4-treated rats. Images visualised
and collected with light microscopy. Original magnification 203. Bottom: Fibrosis quantification, values represent the ratio of the Masson’s positive
area to the total examined area (n¼10 images per group).
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No differences in KLF2 mRNA or protein expression were
observed after 2 weeks of vehicle or CCl4 administration (figure
4A,B). However, after 6 weeks CCl4-treated animals showed a
significant increase in the hepatic KLF2 mRNA and protein
expression compared with the matched control animals.
Differences between both groups increased at 12 weeks of CCl4
administration, when animals had developed advanced cirrhosis
(figure 4A,B).
To confirm the hepatic subcellular source of KLF2 expression

and to know whether hepatic KLF2 expression responds to
variations in flow stimulus, KLF2 expression was analysed in
freshly isolated SEC exposed to static or physiological flow
conditions and in liver sections. Figure 4C shows that SEC,
freshly isolated from control or cirrhotic livers, express KLF2 in
a flow-dependent manner; indeed SEC exposed for 12 h to flow-
derived shear stress exhibited a significant upregulation in KLF2
expression compared with cells cultured under static conditions.
KLF2 increment was significantly higher in cirrhotic SEC than in
controls.
Localisation of KLF2 using immunohistochemistry revealed

that hepatic KLF2 protein expression, at least in cirrhotic livers,

is almost solely endothelial. In fact, KLF2 protein expression was
specifically detected in the endothelium of both portal and
arterial beds. In contrast, intrahepatic KLF2 was barely detected
in control rats using immunostaining, confirming a lower
expression of this transcription factor in control livers (figure
4D). Unspecific background staining detected in fibrotic tissue
from cirrhotic slides is shown in supplementary figure 1
(available online only).

KLF2 target gene expression
Analysis of KLF2-targeted genes and proteins involved in
vascular physiology showed no differences in their hepatic
expression comparing animals that received CCl4 or vehicle for
2 weeks (figures 5 and 6). However, in accordance with the
observed increases in KLF2 expression, animals receiving CCl4
for 6 weeks showed a marked increase in hepatic eNOS,
thrombomodulin and CNP mRNA expression compared with
those receiving vehicle (figure 5), whereas no differences were
observed in angiopoietin 2 and VEGF mRNA expression. In
contrast, at this point of cirrhosis development no differences in
any of the evaluated KLF2-targeted hepatic proteins were

Figure 4 Kruppel-like factor 2 (KLF2) expression. (A) Hepatic KLF2 mRNA expression levels in rats receiving carbon tetrachloride (CCl4) for 2, 6 and
12 weeks (n¼6 per group). Values for KLF2 amplification from liver cDNA have been normalised to an endogenous reference gene (RNA 18S). Values
(mean6SEM) are normalised to age-matched control liver expression (*p<0.05 vs control). (B) Hepatic KLF2 protein expression in rats receiving CCl4
(n¼6 per group). Densitometry analysis of western blots were normalised to glyceraldehyde-3-phosphate dehydrogenase and referred to controls
(n¼6). Values represent mean6SEM. (*p<0.05 vs control). (C) KLF2 mRNA expression determined in sinusoidal endothelial cells, freshly isolated from
control and cirrhotic rat livers, cultured under static conditions or exposed for 12 h to laminar shear stress (n¼3 per group). Values (mean6SEM) are
normalised to endogenous reference gene (*p<0.05 vs its corresponding static; #p<0.05 vs control). (D) KLF2 protein expression (dark brown areas,
indicated with arrowheads) detected by immunohistochemistry in control (left) and cirrhotic (right) rat liver sections. Representative images were
visualised with a light microscope and are showed with 203 (top) and 403 (bottom) magnifications.
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observed compared with control animals (figure 6); however,
a significant reduction in eNOS phosphorylation was observed
in CCl4-treated animal livers compared with controls (figure 6).
Animals with advanced cirrhosis (12 weeks of CCl4) showed

a clear and significant increase in hepatic eNOS, thrombomo-
dulin and CNP mRNA expression, whereas no differences in
angiopoietin 2 and VEGF gene expressions were observed
(figure 5). Thrombomodulin protein expression was increased,
there were no differences in the protein expression of eNOS,
VEGF and CNP and there was a significant reduction in p-eNOS
in cirrhotic rat livers compared with controls (figure 6).

Effects of simvastatin on the expression of KLF2 and
vasoprotective genes in cirrhotic rat livers
Cirrhotic animals treated with simvastatin showed a significant
increase in hepatic KLF2 and its target gene expression compared
with cirrhotic animals receiving vehicle (figure 7).

DISCUSSION
The vascular endothelium is an essential organ implicated in the
regulation of vasomotor tone, vascular homeostasis and
inflammatory processes.19 In a healthy liver, sinusoidal endo-
thelium plays an important role regulating hepatic vascular tone
by releasing vasoactive substances that diffuse to the hepatic
stellate cells inducing their constriction or relaxation, thereby
changing sinusoidal diameter and modulating intrahepatic
haemodynamics.20 21 However, cirrhotic liver endothelium loses
its vasodilatory, antithrombotic, and anti-inflammatory proper-
ties to acquire a vasoconstrictor, prothrombotic and inflamma-
tory phenotype in the context of hepatic sinusoidal
dysfunction.13 22e24 In fact, it is well known that cirrhotic
hepatic endothelium produces large amounts of vasoconstrictor
substances (eg, thromboxane A2)12 and reduced quantities of
vasodilators (principally NO)13 22 contributing to increase IHR
and consequently aggravating portal hypertension syndrome.
However, the molecular mechanisms responsible for endothe-
lium phenotype modulation during cirrhosis development
remain poorly understood.23 25

In other vascular pathologies, different noxious stimuli such
as turbulent flow can render the endothelium dysfunctional.
However, healthy laminar flow modulates the phenotype of
endothelial cells, conferring strong antithrombotic, anti-inflam-
matory and vasodilator properties to the endothelium.19

In addition, it has been shown that this vasoprotective pheno-
type is modulated by the expression of the transcription factor

Figure 5 Hepatic Kruppel-like factor 2 (KLF2) target genes mRNA
expression levels in rats receiving carbon tetrachloride for 2, 6 and
12 weeks (n¼6 per group). Values for endothelial nitric oxide synthase
(eNOS), thrombomodulin (TM), c-type natriuretic peptide (CNP), vascular
endothelial growth factor (VEGF) and angiopoietin 2 (Ang2) amplification
from liver cDNA have been normalised to an endogenous reference gene
(RNA 18S). Values (mean6SEM) are normalised to age-matched control
liver expression (*p<0.05 vs control).

Figure 6 Hepatic endothelial nitric
oxide synthase (eNOS), thrombomodulin
(TM), vascular endothelial growth factor
(VEGF), phosphorylated-eNOS (P-eNOS)
and c-type natriuretic peptide (CNP)
protein expression in rats receiving
carbon tetrachloride (CCl4). Top,
representative western blots of
indicated proteins. Bottom,
densitometry analysis of western blots
normalised to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and
referred to age-matched controls (n¼6
per group). Values represent
mean6SEM (*p<0.01 vs control).
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KLF2.5 In the vasculature KLF2 is endothelial specific and its
expression, which is modulated by different flow patterns,
confers endothelial protection against inflammation, thrombosis
and vasoconstriction.9 26 In fact, in atherosclerosis patients it
has been demonstrated that vascular regions exposed to laminar
shear stress highly express KLF2 and are thus resistant to
atherosclerosis; whereas KLF2 expression is comparatively
absent in atheroprone regions exposed to non-laminar shear
stress.9

Our study demonstrates, for the first time, that the tran-
scription factor KLF2 is highly expressed in the cirrhotic liver
and, moreover, its expression is induced early during the
progression of the disease. In particular, KLF2 gene and protein
expression is upregulated in those animals with early and
advanced cirrhosis (6 and 12 weeks of cirrhosis induction,
respectively) compared with control animals.
Previous studies have demonstrated that in the vasculature

KLF2 is specifically expressed in the endothelium; however, little
is known about its expression in a given organ. The present
study demonstrates that KLF2 expression within the liver is
localised in the endothelium, and that its expression responds to
flow stimulation. In fact, shear stress-derived KLF2 upregulation
is significantly higher in hepatic endothelial cells from cirrhotic
livers, suggesting that the hepatic endothelial phenotype in
cirrhosis is partly primed to respond to this vasoprotective
stimulus.
The main in-vivo biomechanical stimulus able to induce KLF2

expression is blood-derived shear stress, and interestingly it has
been reported that shear stress upregulates the KLF2 target
eNOS in the liver endothelium;15 27 therefore, we characterised
the systemic and hepatic haemodynamics of all animals included
in the present study. Animals with advanced cirrhosis, highly
expressing KLF2, presented a marked increase in the quantity of
blood flow entering the liver through the portal vein, thus
favouring the expression of those endothelial genes upregulated
by shear stress, including KLF2. However, the findings in
animals treated with CCl4 for 6 weeks, showing no significant
increment in PBF, suggest that other mechanisms, perhaps
related to the intrahepatic architectural disturbances (including
cell stretch), to metabolic changes or circulating factors
(ie, bacterial products, growth factors, etc.) or hypoxic processes

occurring during cirrhosis progression, could modify endothe-
lium phenotype and upregulate KLF2 expression.9 28e30 The
precise nature of these mechanisms needs to be characterised
further.
Among other functions, healthy vascular endothelium main-

tains blood fluidity by producing different factors that promote
fibrinolysis or inhibit blood coagulation. One of these is
thrombomodulin, a factor involved in the generation of acti-
vated protein C through interactions with thrombin. KLF2
potently induces thrombomodulin expression by binding to its
promoter being necessary for endothelial coagulant gene
expression and function regulation.6 In the present study we
demonstrate that increased hepatic KLF2 expression is accom-
panied by elevated hepatic thrombomodulin gene and protein
expression, suggesting that KLF2 is active and induces the
antithrombotic pathway in the cirrhotic liver. This may be of
relevance delaying or attenuating vascular occlusion and subse-
quent parenchymal extinction lesions, which lead to morpho-
logical progression in cirrhosis.31 32 Our findings suggest that
this process might be accelerated if the increase in the expression
of KLF2 was not present.
As described above, increased IHR in the cirrhotic liver is

partly due to a reduced bioavailability of vasodilators, mainly
NO. Such an insufficient sinusoidal NO availability has been
related to a reduced production by eNOS,13 22 together with
an increase in its scavenging by elevated levels of superoxide
radicals.14 Previous studies have shown that one of the more
potent inducers of genes implicated in regulating vascular tone is
KLF2. In fact, the expression of KLF2 stimulates eNOS expres-
sion and activity and also the expression of CNP.5 Our group and
others have demonstrated that rats with advanced cirrhosis
present reduced hepatic eNOS activity with no differences in
total hepatic eNOS protein expression compared with
controls.13 14 22 33 However, the present study adds new and
potentially decisive data about eNOS expression regulation. This
is demonstrated by our finding that, following KLF2 expression,
eNOS mRNA is significantly induced both in rats with early and
advanced cirrhosis compared with their matched controls,
suggesting that in cirrhotic livers eNOS mRNA transcription
could be deregulated. Similarly, hepatic mRNA expression of
CNP is significantly induced during cirrhosis development, but
no differences in its protein expression are observed. In addition,
we observed that already at the stage of early cirrhosis, rats
present a marked decrease in hepatic eNOS phosphorylation,
indicating a reduction in its enzymatic activity. Interestingly,
both data coincide with the haemodynamic observation that
rats with early cirrhosis exhibit a significant increase in portal
pressure, which could result from hepatic architectural distur-
bances present in these animals together with a reduced hepatic
NO production by eNOS.
Statins, well-known inducers of endothelial KLF2 expres-

sion,34 35 represent one of the most promising drugs to
ameliorate portal hypertension. In fact, it has been shown that
statin administration to cirrhotic animals, partly by increasing
NO production, reduces IHR and improves portal hyperten-
sion.16 36 Moreover, recent studies have validated the beneficial
effects of statins on human portal hypertension;37 38 however,
the underlying mechanisms involved are unknown. Herein we
demonstrate that cirrhotic animals treated with simvastatin
exhibit increased hepatic levels of KLF2 and its vasoprotective
target genes, eNOS and thrombomodulin, compared with
cirrhotic animals receiving vehicle. Our data suggest that statins’
beneficial effects on hepatic haemodynamics in cirrhosis would
be partly KLF2 mediated.

Figure 7 Hepatic Kruppel-like factor 2 (KLF2), endothelial nitric oxide
synthase (eNOS) and thrombomodulin (TM) mRNA expression in
cirrhotic rats (12 weeks of carbon tetrachloride administration) treated
for 3 days with simvastatin or its vehicle (n¼6 per group). Values for
gene amplification from cDNA have been normalised to an endogenous
reference gene (RNA 18S). Values (mean6SEM) are normalised to
vehicle-receiving animals (*p<0.05 vs vehicle).

Gut 2011;60:517e524. doi:10.1136/gut.2010.220913 523

Hepatology

group.bmj.com on May 9, 2011 - Published by gut.bmj.comDownloaded from 



In summary, the present study demonstrates that the tran-
scription factor KLF2 is induced early in the cirrhotic liver
endothelium, inducing the expression of its vasoprotective
target genes. These data suggest that the marked upregulation in
KLF2 expression may represent an endothelial compensatory
mechanism to improve the vascular disorders ongoing in the
cirrhotic liver. Moreover, our data open the rationale to inves-
tigate whether this transcription factor is involved in the
pathogenesis and resolution of liver diseases occurring with
endothelial dysfunction.
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technical assistance.

Funding JGS was supported by the Spanish Association for the Study of the Liver
(AEEH) and the Catalan Digestology Society (SCD). The study was supported by
grants from Instituto de Salud Carlos III (PI06-0623 and PI09-01261), Ministerio de
Educación y Ciencia (SAF 07/61298) and NIH (HL-076686 and HL-090856). CIBERehd
is funded by the Instituto de Salud Carlos III.

Competing interests None.

Provenance and peer review Not commissioned; externally peer reviewed.

REFERENCES
1. Bieker JJ. Kruppel-like factors: three fingers in many pies. J Biol Chem

2001;276:34355e8.
2. Anderson KP, Kern CB, Crable SC, et al. Isolation of a gene encoding a functional

zinc finger protein homologous to erythroid Kruppel-like factor: identification of a new
multigene family. Mol Cell Biol 1995;15:5957e65.

3. Kuo CT, Veselits ML, Barton KP, et al. The LKLF transcription factor is required for
normal tunica media formation and blood vessel stabilization during murine
embryogenesis. Genes Dev 1997;11:2996e3006.

4. SenBanerjee S, Lin Z, Atkins GB, et al. KLF2 Is a novel transcriptional regulator of
endothelial proinflammatory activation. J Exp Med 2004;199:1305e15.

5. Parmar KM, Larman HB, Dai G, et al. Integration of flow-dependent endothelial
phenotypes by Kruppel-like factor 2. J Clin Invest 2006;116:49e58.

6. Lin Z, Kumar A, SenBanerjee S, et al. Kruppel-like factor 2 (KLF2) regulates
endothelial thrombotic function. Circ Res 2005;96:e48e57.

7. Gracia-Sancho J, Villarreal G Jr, Zhang Y, et al. Activation of SIRT1 by resveratrol
induces KLF2 expression conferring an endothelial vasoprotective phenotype.
Cardiovasc Res 2010;85:514e19.

8. Dekker RJ, van Soest S, Fontijn RD, et al. Prolonged fluid shear stress induces
a distinct set of endothelial cell genes, most specifically lung Kruppel-like factor
(KLF2). Blood 2002;100:1689e98.

9. Dekker RJ, van Thienen JV, Rohlena J, et al. Endothelial KLF2 links local arterial
shear stress levels to the expression of vascular tone-regulating genes. Am J Pathol
2005;167:609e18.

10. Bosch J, Garcia-Pagan JC. Complications of cirrhosis. I. Portal hypertension.
J Hepatol 2000;32(1 Suppl):141e56.

11. Graupera M, Garcia-Pagan JC, Abraldes JG, et al. Cyclooxygenase-derived products
modulate the increased intrahepatic resistance of cirrhotic rat livers. Hepatology
2003;37:172e81.

12. Gracia-Sancho J, Lavina B, Rodriguez-Vilarrupla A, et al. Enhanced vasoconstrictor
prostanoid production by sinusoidal endothelial cells increases portal perfusion
pressure in cirrhotic rat livers. J Hepatol 2007;47:220e7.

13. Rockey DC, Chung JJ. Reduced nitric oxide production by endothelial cells in
cirrhotic rat liver: endothelial dysfunction in portal hypertension. Gastroenterology
1998;114:344e51.

14. Gracia-Sancho J, Lavina B, Rodriguez-Vilarrupla A, et al. Increased oxidative stress
in cirrhotic rat livers: a potential mechanism contributing to reduced nitric oxide
bioavailability. Hepatology 2008;47:1248e56.

15. Shah V, Haddad FG, Garcia-Cardena G, et al. Liver sinusoidal endothelial cells are
responsible for nitric oxide modulation of resistance in the hepatic sinusoids. J Clin
Invest 1997;100:2923e30.

16. Abraldes JG, Rodriguez-Vilarrupla A, Graupera M, et al. Simvastatin treatment
improves liver sinusoidal endothelial dysfunction in CCl(4) cirrhotic rats. J Hepatol
2007;46:1040e6.

17. Gracia-Sancho J, Laviña B, Rodriguez-Vilarrupla A, et al. Evidence against NADPH
oxidase modulating hepatic vascular tone in cirrhosis. Gastroenterology
2007;133:959e66.

18. Wang N, Miao H, Li YS, et al. Shear stress regulation of Kruppel-like factor 2
expression is flow pattern-specific. Biochem Biophys Res Commun
2006;341:1244e51.

19. Gimbrone MA Jr, Topper JN, Nagel T, et al. Endothelial dysfunction, hemodynamic
forces, and atherogenesis. Ann NY Acad Sci 2000;902:230e9; discussion
239e40.

20. Zhang JX, Pegoli W, Clemens MG. Endothelin-1 induces direct constriction of
hepatic sinusoids. Am J Physiol 1994;266:G624e32.

21. Rockey DC, Housset CN, Friedman SL. Activation-dependent contractility of rat
hepatic lipocytes in culture and in vivo. J Clin Invest 1993;92:1795e804.

22. Gupta TK, Toruner M, Chung MK, et al. Endothelial dysfunction and decreased
production of nitric oxide in the intrahepatic microcirculation of cirrhotic rats.
Hepatology 1998;28:926e31.

23. Iwakiri Y, Groszmann RJ. Vascular endothelial dysfunction in cirrhosis. J Hepatol
2007;46:927e34.

24. Shah V. Cellular and molecular basis of portal hypertension. Clin Liver Dis
2001;5:629e44.

25. Harrison DG. Cellular and molecular mechanisms of endothelial cell dysfunction.
J Clin Invest 1997;100:2153e7.

26. Dai G, Kaazempur-Mofrad MR, Natarajan S, et al. Distinct endothelial
phenotypes evoked by arterial waveforms derived from atherosclerosis-susceptible
and -resistant regions of human vasculature. Proc Natl Acad Sci U S A
2004;101:14871e6.

27. Qi K, Qiu H, Rutherford J, et al. Direct visualization of nitric oxide release by liver cells
after the arrest of metastatic tumor cells in the hepatic microvasculature. J Surg Res
2004;119:29e35.

28. Kawanami D, Mahabeleshwar GH, Lin Z, et al. Kruppel-like factor 2 inhibits
hypoxia-inducible factor 1alpha expression and function in the endothelium.
J Biol Chem 2009;284:20522e30.

29. Sako K, Fukuhara S, Minami T, et al. Angiopoietin-1 induces Kruppel-like factor 2
expression through a phosphoinositide 3-kinase/AKT-dependent activation of
myocyte enhancer factor 2. J Biol Chem 2009;284:5592e601.

30. Dach K, Zovko J, Hogardt M, et al. Bacterial toxins induce sustained mRNA
expression of the silencing transcription factor klf2 via inactivation of RhoA and
Rhophilin 1. Infect Immun 2009;77:5583e92.

31. Wanless IR, Wong F, Blendis LM, et al. Hepatic and portal vein thrombosis in
cirrhosis: possible role in development of parenchymal extinction and portal
hypertension. Hepatology 1995;21:1238e47.

32. Tanaka M, Wanless IR. Pathology of the liver in BuddeChiari syndrome: portal vein
thrombosis and the histogenesis of veno-centric cirrhosis, veno-portal cirrhosis, and
large regenerative nodules. Hepatology 1998;27:488e96.

33. Shah V, Garcia-Cardena G, Sessa WC, et al. The hepatic circulation in
health and disease: report of a single-topic symposium. Hepatology
1998;27:279e88.

34. Parmar KM, Nambudiri V, Dai G, et al. Statins exert endothelial atheroprotective
effects via the KLF2 transcription factor. J Biol Chem 2005;280:26714e19.

35. Sen-Banerjee S, Mir S, Lin Z, et al. Kruppel-like factor 2 as a novel mediator of
statin effects in endothelial cells. Circulation 2005;112:720e6.

36. Trebicka J, Hennenberg M, Laleman W, et al. Atorvastatin lowers portal pressure in
cirrhotic rats by inhibition of RhoA/Rho-kinase and activation of endothelial nitric
oxide synthase. Hepatology 2007;46:242e53.

37. Zafra C, Abraldes JG, Turnes J, et al. Simvastatin enhances hepatic nitric oxide
production and decreases the hepatic vascular tone in patients with cirrhosis.
Gastroenterology 2004;126:749e55.

38. Abraldes JG, Albillos A, Banares R, et al. Simvastatin lowers portal pressure in
patients with cirrhosis and portal hypertension: a randomized controlled trial.
Gastroenterology 2009;136:1651e8.

524 Gut 2011;60:517e524. doi:10.1136/gut.2010.220913

Hepatology

group.bmj.com on May 9, 2011 - Published by gut.bmj.comDownloaded from 



doi: 10.1136/gut.2010.220913
 2011 60: 517-524 originally published online November 26, 2010Gut

 
Jorge Gracia-Sancho, Lucia Russo, Héctor García-Calderó, et al.
 
and cirrhotic rat liver
vasoprotective target genes in the normal
factor Kruppel-like factor 2 and its 
Endothelial expression of transcription

http://gut.bmj.com/content/60/4/517.full.html
Updated information and services can be found at: 

These include:

Data Supplement
http://gut.bmj.com/content/suppl/2011/04/13/gut.2010.220913.DC1.html
"online appendix"

References
http://gut.bmj.com/content/60/4/517.full.html#ref-list-1
This article cites 38 articles, 14 of which can be accessed free at:

service
Email alerting

the box at the top right corner of the online article.
Receive free email alerts when new articles cite this article. Sign up in

Notes

http://group.bmj.com/group/rights-licensing/permissions
To request permissions go to:

http://journals.bmj.com/cgi/reprintform
To order reprints go to:

http://group.bmj.com/subscribe/
To subscribe to BMJ go to:

group.bmj.com on May 9, 2011 - Published by gut.bmj.comDownloaded from 



�



���	�������
�

���

��2��(�4�5+'�"J��

�

�������3����0�������������

������-	���
1�������	0	����	�
��/	
��
�
;�31����������

	<�
���	
�����
�0	��2�

�

��  	���2���	��$��������	���
�<�2	�"������
��
������
�	����"$	���$�
���
����
����

�@$����;
� ��� C .�� *� ��
��� ���
�� �6���� 5/� *� ��"		@���
���� +!�-����  ��

�����;
� ��� ��"�������
�� �� ��� �	����;
� ��� $���������;
�"�
���
�� �	�� $�	���"���

���	$�	����	�������C .����

�

��  ��$E����������@$����;
����C .��*�������
������
����"��E
����	��������
�13��

�
��	
����	
������$���������;
��
�<�2	�����
�	�������������G�������"�������
���3��

�<���	� $�	����	�� ��� ��� ��"�������
�� ��� �
���� ��� ��� �@$����;
� ��� C .�� ���

$�����"�
���"�������	
��
���46(���$���<��	�$����C .���

�

=�  �� $���������;
� ��� �2���	�� �
� �	
����	
��� ��� ����$��
��� ��� ��	"$�G�� ���

"�������$����
���������G	���$#���	��������	��
�������������
��"�
�����*� ,!��

$�	�����;
� ��������� ��� ������ *� $����
���� ��� ����E�� 	@������	�� �
<��"���;
� *�

�$	$�	�����,���	���<���	�������E��	����� ���$���������;
��
�<�2	�������
H�
�	����

$�����
�
��	"$����"�
����G����
�	���"�������
��������	����;
����$���������;
��

�

>� ('����	���2���	��$��������	�� �
� <�2	�$���� ����$��
���$����
��
��
�� ��"�
�����

�������
���� ��������� �
�����$#����� *� ���<�
��;
� �
�	��������  �� �����;
� ���

��"�������
��������	����;
����$���������;
�"�:	������"���	���������;
���$#�����*�

$�����
��������<�
��;
��
�	�����������������$��<���;
��

�



���	�������
�

���


� 3�� ������	�	� ��� ��� "���	���������;
� ��$#����� *� ��� ������	��	� ��� ���<�
��;
�

�
�	������� �
� �	�� �2���	�� $��������	�� �
� <�2	� ��� ��	"$�G�
� ��� �
� "�����	�

�����
�	� �
� ��� �@$����;
� *� ���������� ��� �6��� *� �������;
� �
� �	�� 
������� ���

��/)����
�	����������"	��<�����	
����
�����@$����;
������	�#��
	���+"�����	��

��� ��������;
� ��� ���� !31�-��  �� �����;
� ��� ��"�������
�� �� ��� �	����;
� ���

$���������;
� "�
���
�� ��� �@$����;
� ��� �6��� *� "�:	��� ��� ����������� '��� ���

��	�������
���"�
�	�����	��
������������/)��

�

�

�

�



September 29, 2011 
 
Prof. Jaime Bosch 
Hospital Clinic, Barcelona 
Liver Unit 
Villarroel 170 
Barcelona 
08036 
Spain 
 
HEP-11-1124.R1 
ADDITION OF SIMVASTATIN TO COLD STORAGE SOLUTION PREVENTS ENDOTHELIAL 
DYSFUNCTION IN EXPLANTED RAT LIVERS 
 
Dear Prof. Bosch: 
 
We are pleased to inform you that your revised manuscript has been accepted for publication. Your 
manuscript will be sent to the publisher, John Wiley & Sons. You should receive the galley proofs 
directly via email from the publisher. 
 
We are enclosing with this letter an Authors Agreement, which must be signed and dated by all 
authors. Please return the completed form to the attention of HEPATOLOGY at the address on this 
letter. You may fax or email the completed forms to us.  Our fax number is 703-299-9676 and our email 
address is hepatology@aasld.org. 
 
Again, thank you for submitting to HEPATOLOGY. Your paper will provide important information to 
our readers. We appreciate your contribution to the journal and look forward to receiving future 
submissions from you. 
 
Sincerely, 
 

    
Dr. Vijay Shah      Dr. Keith Lindor 
Associate Editor, Hepatology    Editor, Hepatology 
 
 
 



�



Russo L, Gracia-Sancho J, et al                               Hepatology, in press 

ADDITION OF SIMVASTATIN TO COLD STORAGE SOLUTION PREVENTS 

ENDOTHELIAL DYSFUNCTION IN EXPLANTED RAT LIVERS 

 
Lucia Russo*1, Jorge Gracia-Sancho*1, Héctor García-Calderó1, Giusi 

Marrone1, Juan Carlos García-Pagán1, Guillermo García-Cardeña2 and Jaime 

Bosch1 

 

1- Hepatic Hemodynamic Lab, Liver Unit, IMDIM, Hospital Clínic de Barcelona, 

IDIBAPS, Centro de Investigación Biomédica en Red en Enfermedades Hepáticas y 

Digestivas (CIBERehd), University of Barcelona, Barcelona, Spain. 

2- Center for Excellence in Vascular Biology, Departments of Pathology, Harvard 

Medical School and Brigham and Women´s Hospital, Boston, MA, USA. 

 
* These authors equally contributed to this study and share first authorship. 

 

Keywords: Kruppel-like factor 2; KLF2; transplantation; endothelium; machine 

perfusion 

 

 

 

 

 

 

 

 

 

 



Russo L, Gracia-Sancho J, et al                               Hepatology, in press 

Correspondence to Prof. Jaime Bosch, Hepatic Hemodynamic Laboratory, 

Liver Unit, Hospital Clínic i Provincial, Villarroel 170, 08036 Barcelona, Spain; 

jbosch@clinic.ub.es, phone: +34932275400 ext 3330, fax: +34932279856, or 

Dr. Jorge Gracia-Sancho, Hepatic Hemodynamic Laboratory, Hospital Clínic de 

Barcelona - IDIBAPS – Esther Koplowitz Centre, Rosselló 149, Room 4.5, 

08036 Barcelona, Spain; jgracia@clinic.ub.es, phone +34932275400 ext 4306. 

Abbreviations: DHE: dihydroethidium; eNOS: endothelial nitric oxide synthase; 

GAPDH:� Glyceraldehyde 3-phosphate dehydrogenase; HEC: hepatic 

endothelial cells; HO-1: hemeoxygenase-1; ICAM-1: intercellular adhesion 

molecule 1;�I/R: ischemia/reperfusion; KLF2: Kruppel-like Factor 2; LDH: lactate 

dehydrogenase; NO: nitric oxide; TM: thrombomodulin; UWS: University of 

Wisconsin solution. 

Financial support: This study was supported by grants from the Instituto de 

Salud Carlos III (PS 09/01261 to J.B. and FIS 11/00235 to J.G.-S.) and 

Ministerio de Ciencia e Innovación (SAF 2010/17043 to J.C.G.-P.). G.M. is a 

recipient of a fellowship from Instituto de Salud Carlos III (PFIS 09/00540), and 

J.G.-S. of a contract from the Programa Ramón y Cajal, Ministerio de Ciencia e 

Innovacion, Spain. Ciberehd is funded by Instituto de Salud Carlos III.  

Author contribution: L.R. designed the research, performed experiments, analyzed 

data, and wrote the manuscript. J.G.-S. designed the research, conceived ideas, wrote 

the manuscript, obtained funding and co-directed the study. H.G.-C. and G.M. 

performed experiments and analyzed data. J.C.G.-P. conceived ideas, critically revised 

the manuscript and obtained funding. G.G.-C. conceived ideas and critically revised the 

manuscript. J.B. designed the research, conceived ideas, wrote the manuscript, 

obtained funding and co-directed the study. All authors edited and reviewed the final 

manuscript. 



Russo L, Gracia-Sancho J, et al                               Hepatology, in press 

ABSTRACT  

Pathophysiological alterations in the endothelial phenotype result in endothelial 

dysfunction. Flow cessation, occurring during organ procurement for 

transplantation, triggers the endothelial dysfunction characteristic of 

ischemia/reperfusion injury, partly due to a reduction in the expression of the 

vasoprotective transcription factor Kruppel-like Factor 2 (KLF2). We aimed at 1-

characterizing the effects of flow cessation and cold storage on hepatic 

endothelial phenotype and, 2-ascertaining if the consequences of cold stasis on 

the hepatic endothelium can be pharmacologically modulated, improving liver 

graft function. 

Expression of KLF2 and its vasoprotective programs was determined in a) 

hepatic endothelial cells (HEC) incubated under cold storage conditions with or 

without the KLF2-inducer simvastatin, and b) rat livers not cold stored or 

preserved in cold University of Wisconsin Solution (UWS) supplemented with 

simvastatin or its vehicle. In addition, upon warm reperfusion, hepatic vascular 

resistance, endothelial function, nitric oxide vasodilator pathway, apoptosis, 

inflammation, and liver injury were evaluated in not cold stored livers or livers 

preserved in cold UWS supplemented with simvastatin or vehicle. 

Expression of KLF2 and its vasoprotective programs decrease in HEC 

incubated under cold storage conditions. Cold stored rat livers exhibit a time-

dependent decrease in KLF2 and its target genes, liver injury, increased hepatic 

vascular resistance and endothelial dysfunction. The addition of simvastatin to 

the storage solution, maintained KLF2-dependent vasoprotective programs, 

prevented liver damage, inflammation and oxidative stress and improved 

endothelial dysfunction.  
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Conclusion: Our results open the rationale to evaluate the beneficial effects of a 

vasoprotective preservation solution on human livers procurement for 

transplantation. 
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Liver transplantation is the only life-saving therapy for most types of advanced 

liver failure. Despite the advancement in surgical techniques, postoperative 

care and immunosuppressive therapies, which have improved short-term and 

long-term graft survival, approximately 20% of liver transplants are associated 

with serious clinical problems1. Moreover, liver transplantation is limited by the 

shortage of adequate organs for clinical use, which have led to the use of 

“marginal” livers from non-healthy steatosic donors or non heart-beating donors. 

However, marginal livers are much more prone to primary graft failure after 

transplantation2. Hepatic ischemia/reperfusion (I/R) injury is considered one of 

the main determinants of the outcome after liver transplantation3,4.  

The process of hepatic I/R injury is a sequence of events involving many 

interconnected factors occurring in a variety of cell types. Liver endothelial cells 

are particularly vulnerable to I/R injury and develop serious alterations during 

cold storage, such as retraction, cell body detachment, and apoptosis which are 

magnified upon warm reperfusion5,6. It is currently accepted that hepatic 

endothelium damage occurring during cold preservation represents the initial 

factor leading to hepatic I/R injury, determining poor graft microcirculation, 

platelet activation, persistent vasoconstriction, up-regulation of adhesion 

molecules, oxidative stress, Kupffer cell activation, neutrophil infiltration and 

hepatocyte death7,8. 

Different mechanisms for endothelial damage during cold storage and/or warm 

reperfusion have been described9,10. We have recently unravelled that lack of 

hemodynamic stimulation occurring during cold storage conditions is the main 

detrimental effect of organ preservation for transplantation on the endothelial 

phenotype11. In fact, flow cessation per se results in a significant reduction in 
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endothelial vasoprotective pathways leading to cell activation and apoptosis. 

These negative effects of cold storage conditions, observed in cultured 

endothelial cells, are partly due to the loss of expression of the vasoprotective 

transcription factor Kruppel-like Factor 2 (KLF2) and can be prevented by 

adding a KLF2-inducer, such as simvastatin12, to the cold preservation 

solution11. 

Considering that endothelial protection during cold storage represents a key 

factor for a successful transplantation, and that induction of KLF2-derived 

transcriptional programs confers endothelial protection, the main purpose of the 

present study was to evaluate the effects of cold storage on the hepatic 

endothelial vasoprotective phenotype and if supplementing a cold preservation 

solution with the KLF2-inducer simvastatin ameliorates the hepatic I/R injury 

observed upon reperfusion. 
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EXPERIMENTAL PROCEDURES 

Animals 

Male Wistar rats from Charles River laboratories SA (Barcelona, Spain), 

weighting 275-300 grams, were used. The animals were kept in environmentally 

controlled animal facilities at the Institut d’Investigacions Biomèdiques August 

Pi i Sunyer (IDIBAPS). All experiments were approved by the Laboratory Animal 

Care and Use Committee of the University of Barcelona and were conducted in 

accordance with Guide for the Care and Use of Laboratory Animals (National 

Institutes of Health, NIH Publication 86-23, revised 1996). 

 

Hepatic endothelial cells isolation and cold preservation 

Rat hepatic endothelial cells (HEC) were isolated as previously described13. 

Briefly, after perfusion of the livers with 0,015% collagenase A and isopycnic 

sedimentation of the resulting dispersed cells through a two-step density 

gradient of Percoll (25-50%), monolayer cultures of HEC were established by 

selective attachment on a collagen I substrate. Cells were cultured (37°C, 5% 

CO2) in Roswell Park Memorial Institute (RPMI) 1640 as previously 

described13. Highly pure and viable cells were used. 

After two hours of isolation, HEC were washed twice with phosphate-buffered 

saline (PBS) and lysed (no cold storage group) or incubated 16h at 4ºC in 

University of Wisconsin solution (UWS) supplemented with Simvastatin 1μM 

(Calbiochem, Darmstadt, Germany) or its vehicle (dimethyl sulfoxide 0.1% v/v) 

(n=4 per group). The dose of simvastatin used has been previously 

validated11,12. 
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siRNA Experiments 

siRNA transfection was performed as previously described with minor 

modifications 14 11. Briefly, HEC were transfected with a siRNA targeting rat 

KLF2 (5nM, s157429, Life Technologies, Carlsbad, CA), or with a control siRNA 

(5nM, 4390843, Life Technologies) using siPORT transfection agent (Life 

Technologies) according to the manufacturer’s instructions. 24h post-

transfection, cells were treated for an additional 16h with either 1μM simvastatin 

or its vehicle. 

 

Cold preservation of liver 

Rats were anesthetized with ketamine hydrochloride (100 mg/kg 

intraperitoneally; Merial Laboratories, Barcelona, Spain) plus midazolam 

(5mg/kg intraperitoneally; Laboratorios Reig Jofré, Barcelona, Spain). 

Afterwards the abdomen was opened, liver was exsanguinated with Krebs’ 

buffer and flushed via the portal vein with cold UWS supplemented with 

simvastatin (10μM) or its vehicle. 

Rat livers (n=7 per group) were harvested and one lobe from each liver was 

immediately snap frozen and other three were incubated at 4ºC for 1h, 6h or 

16h in UWS supplemented with simvastatin or its vehicle. Then, liver lobes were 

snap frozen for molecular studies.  

 

Liver vascular studies   

Liver vascular responses were assessed in the isolated, in-situ liver perfusion 

system, as described previously15. Briefly, after cannulation of the bile duct, 

livers were perfused through the portal vein with Krebs’ buffer in a recirculation 
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fashion at a constant flow rate of 30 mL/min with a total volume of 100 mL. An 

ultrasonic transit-time flow probe (model T201; Transonic Systems, Ithaca, NY) 

and a pressure transducer (Edwards Lifesciences, Irvine, CA) were placed on 

line, immediately ahead of the portal inlet cannula, to continuously monitor 

portal flow and perfusion pressure. Another pressure transducer was placed 

immediately after the thoracic vena cava outlet for measurement of outflow 

pressure. The flow probe and the two pressure transducers were connected to 

a PowerLab (4SP) linked to a computer using the Chart version 5.0.1 for 

Windows software (ADInstruments, Mountain View, LA). The average portal 

flow, inflow and outflow pressures were continuously sampled, recorded and 

afterwards blindly analyzed under code. After 20 minutes of stabilization, the 

livers were flushed with cold UWS or with cold UWS supplemented with 

simvastatin (10μM), and then cold stored for 16h in UWS or in UWS 

supplemented with simvastatin (n= 7 per group). 

After cold storage livers were exposed at room temperature (22ºC) for 20 min, 

to mimic warm ischemia period, and reperfused via the portal vein with Krebs’ 

buffer (37ºC). During the first 10 minutes of reperfusion (initial stabilization 

period), portal flow was progressively increased up to 30 mL/min. The perfusion 

preparations were continuously monitored during 60 minutes. Afterwards, liver 

endothelial function was evaluated by performing flow pressure curves 

(increases of 5 mol/min every 2 minutes)16. Intrahepatic vascular resistance 

(IVR) was calculated as: (inflow portal pressure – outflow portal pressure) / 

portal flow. 

In an independent group of rats (n=5 per group), following warm reperfusion 

hepatic endothelial function was evaluated analyzing endothelium-dependent 
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vasorelaxation to incremental doses of acetylcholine (10-7 - 10-5M) after pre-

constriction with methoxamine (10-4M) 17,18. 

Control livers (no cold storage) were perfused, flushed with UWS, harvested 

and immediately reperfused ex vivo.  

Aliquots of the perfusate were sampled for the measurement of transaminases 

and lactate dehydrogenase (LDH). Bile output (reported as μL of bile/ g of liver) 

was evaluated at the end of the study. 

 

Analysis of hepatic transaminases and LDH 

Hepatic injury was assessed in terms of transaminases and LDH levels 

analysed with standard methods at the Hospital Clinic of Barcelona’s CORE lab. 

 

Measurement of cGMP 

Levels of cGMP, a marker of NO bioavailability, were analyzed in liver 

homogenates using an enzyme immunoassay (Cayman Chemical Co., Ann 

Arbor, MI) as previously described19. Results were expressed as pmol/mg 

tissue. 

 

Dihydroethidium staining 

In situ superoxide (O2
-) levels were evaluated with the oxidative fluorescent dye 

dihydroethidium (DHE; Molecular Probes)20. Briefly, liver cryosections (10 µm) 

were incubated with DHE (10 µmol/L) in phosphate-buffered saline. 

Fluorescence images were obtained with a laser scanning confocal microscope 

(TCS-SL DMIRE2, Leica), and quantitative analysis was performed with Image 

J 1.43m software (National Institutes of Health). 
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Histological Analysis 

Liver samples were fixed in 10% formalin, embedded in paraffin, sectioned 

(thickness of 2 μm), and slides were stained with hematoxylin and eosin (H&E) 

to analyze the hepatic parenchyma.  

The samples were photographed and analyzed using a microscope equipped 

with a digital camera and the assistance of Axiovision software (Zeiss, Jena, 

Germany).  

 

RNA Processing and Real-Time TaqMan Polymerase Chain Reaction 

Analysis 

Total RNA from HEC was isolated and purified using the Trizol method 

(Invitrogen, El Prat de Llobregat, Barcelona, Spain). Total RNA from rat tissue 

was isolated and purified using RNeasy Mini Kit (Qiagen, Valencia, CA) 

according to manufacturer’s instructions. RNA quality was verified using 

Agilent’s 2100 Bioanalyzer. RNA was reverse transcribed to cDNA using 

QuantiTect Reverse Transcription kit (Qiagen, Valencia, CA). cDNA templates 

were amplified by real-time TaqMan polymerase chain reaction (PCR) on an 

ABI Prism 7900 sequence Detection System (Applied Biosystems, Foster City, 

CA). Expression of KLF2 and its target genes eNOS, thrombomodulin (TM) and 

hemeoxygenase (HO-1), and Collagen-I was analyzed using predesigned gene 

expression assays obtained from Applied Biosystems according to the 

manufacturer’s protocol and reported relative to endogenous control 18S. All 

PCR reactions were performed in duplicate and using nuclease-free water as 

no template control. 
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Western blotting 

Liver samples were processed as previously described21. Aliquots from each 

sample containing equal amounts of protein (40–100 μg) were run on 8-15% 

SDS–polyacrylamide gel and transferred to a nitrocellulose membrane. Equal 

loading was ensured by Ponceau staining. The blots were subsequently 

blocked for 1 h and probed overnight at 4°C with antibodies recognizing eNOS 

(BD Transduction Laboratories, Lexington, KY), phosphorylated eNOS at 

Ser1176 (BD Transduction Laboratories, Lexington, KY), cleaved Caspase-3 

(Cell Signaling Technology, Beverly, MA) or ICAM-1 (R&D systems, 

Minneapolis,MN), all 1:1000, followed by an incubation with their corresponding 

HRP-conjugated secondary antibodies (1:10000, Stressgen, Glandford Ave, 

Victoria, BC, Canada) for 1 h at room temperature. Blots were revealed by 

chemiluminescence. Protein expression was determined by densitometric 

analysis using the Science Lab 2001, Image Gauge (Fuji Photo Film Gmbh, 

Düsseldorf). Blots were assayed for GAPDH (Santa Cruz Biotech Santa Cruz, 

USA) content as standardization of sample loading. 

 

Drugs and Reagents 

Collagenase was from Roche Diagnostics (Mannheim, Germany). Percoll was 

from Amersham Biosciences (Uppsala, Sweden). Collagen type I was from 

Invitrogen (El Prat de Llobregat, Barcelona, Spain). Reagents for cell culture 

were provided by Biological Industries, Ltd. (Kibbutz Beit Haemek, Israel).  

 

Statistical analysis 
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Statistical analyses were performed with the SPSS 16.0 for Windows statistical 

package (SPSS, Inc., Chicago, IL). All results are expressed as mean ± 

standard error of the mean. Comparisons between groups were performed with 

analysis of variance followed by Tukey’s test or with Student’s t test or the 

Mann-Whitney t test when adequate. Differences were considered significant at 

a p value less than 0.05. 

 

RESULTS 

Simvastatin Maintains the Expression of KLF2 and its Vasoprotective 

Target Genes in the Liver During Cold Storage 

Rat liver lobes cold stored for 1h, 6h and 16h in UWS exhibited a significant 

reduction in KLF2 expression compared with their corresponding control liver 

lobes (Fig.1A). KLF2 reduction was accompanied by a significant decrease in 

the expression of its vasoprotective target genes eNOS, TM and HO-1 (Fig.1B). 

Simvastatin addition to UWS totally prevented the decay of hepatic KLF2, 

eNOS, TM and HO-1 during cold storage (Fig.1 A and B). Considering that after 

16h of cold storage there was a maximal decrease of the vasoprotective genes 

that was completely abrogated by adding simvastatin to cold storage solution, 

this time-point was chosen for all following experiments. 

 

Simvastatin Preserves the Expression of KLF2 and its Vasoprotective 

Target Genes in Hepatic Endothelial Cells During Cold Storage 

As shown in Figure 2, freshly isolated hepatic endothelial cells cold stored for 

16h in UWS exhibited a significant reduction in the expression of KLF2, eNOS 

and TM compared with cells not cold stored. Addition of simvastatin to UWS 
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maintained the endothelial expression of KLF2 and its vasoprotective target 

genes during cold storage. Importantly, the ability of simvastatin to maintain the 

expression of the studied vasoprotective genes was annulled when KLF2 

expression was muted by siRNA silencing (Fig 2). 

 

Simvastatin Addition to UWS Significantly Protects Liver Function and 

Viability During Cold Storage and Warm Reperfusion. 

To evaluate the effects of simvastatin addition to UWS on hepatic injury derived 

from cold preservation and warm reperfusion, hepatic architecture distortion, 

hepatic function, bile production and presence of oxidative stress, inflammation 

and apoptosis were analyzed.  �Histological examination revealed that livers cold stored for 16h in UWS 

exhibited evident hepatocellular lesions, mainly in centrilobular areas, defined 

by loss of cohesion of cell plates, necrotic hepatocytes, presence of 

Councilman Bodies and anoxia-derived small fat vacuoles (Fig. 3A). These 

histological changes were much attenuated or absent in liver grafts cold stored 

for 16 hours in UWS supplemented with simvastatin.  

As shown in Figure 3B and 3C, cold stored and warm reperfused liver grafts 

released higher amounts of transaminases and LDH and lower quantity of bile 

in comparison to grafts reperfused without previous cold preservation. These 

detrimental effects were not observed in liver grafts cold stored in UWS 

supplemented with simvastatin. 

Figure 4 depicts significantly higher levels of O2
-, ICAM-1 and cleaved caspase-

3 in cold stored and warm reperfused livers grafts comparing to control livers, 

indicating increased oxidative stress, inflammation and apoptosis respectively. 
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These negative events from cold storage-derived were markedly attenuated, or 

entirely prevented, in liver grafts cold stored in simvastatin-containing UWS. 

 

Simvastatin Addition to UWS Improves Liver Microcirculation and 

Prevents Endothelial Dysfunction upon Reperfusion 

Livers cold stored for 16h exhibited a deteriorated microcirculation upon 

reperfusion, as demonstrated by significantly increased liver vascular resistance 

as compared to control livers (Fig 5A). Cold storage-derived increments in liver 

vascular resistance were not observed in liver grafts cold preserved in the 

presence of simvastatin. 

In addition liver grafts stored for 16h in cold UWS exhibit endothelial dysfunction 

(Fig 5B and 5C). As depicted in the figure 5B, in response to portal flow 

increments between 35 and 60 mL/min control livers were able to maintain a 

constant hepatic vascular resistance, thus demonstrating normal flow-

dependent vasodilatation of the liver vascular bed. However, cold stored livers 

preserved in UWS did not accommodate portal flow increases, exhibiting a 

marked and significant increment in their vascular resistance. Remarkably, cold 

storage-derived endothelial dysfunction was entirely prevented in livers cold 

preserved in UWS supplemented with simvastatin. 

Similarly, dose-response curves to Ach evidenced that cold stored livers exhibit 

significantly reduced endothelial-derived vasodilatation in comparison to no cold 

stored livers (Fig 5C), further demonstrating the development of acute 

endothelial dysfunction during cold storage. This pathological phenomenon was 

prevented when livers were cold stored in the presence of simvastatin. 



Russo L, Gracia-Sancho J, et al                               Hepatology, in press 

Liver microcirculation deterioration and development of endothelial dysfunction 

after cold preservation were accompanied by significant reductions in eNOS 

expression and activity, and cGMP levels comparing to controls (Fig 6), with no 

modification in collagen-I expression (1.00 ± 0.16 controls vs. 0.92 ± 0.32 cold 

stored; NS), a known marker of hepatic stellate cell activation. Simvastatin 

addition to the cold storage solution maintained hepatic eNOS expression and 

improved eNOS phosphorylation, which was associated with up-regulation of 

cGMP levels.  

 

DISCUSSION 

The endothelium is the primary target of cold preservation and reperfusion 

injuries in liver transplantation. Liver sinusoidal endothelial injury involves cell 

activation, apoptosis and detachment, leading to hepatic microcirculatory 

dysfunction7,22. Up to now, the reduction in endothelial function and viability 

during liver procurement for transplantation has been mostly attributed to the 

deleterious effects derived from ischemia23. However, a recent study from our 

group demonstrated that absence of blood flow-derived shear stress stimuli per 

se, which occurs during organ procurement for transplantation, negatively 

affects the endothelial vasoprotective phenotype inducing acute endothelial 

dysfunction11.  

This pioneering study opened the rationale to investigate strategies for organ 

preservation based on machine perfusion of kidney or liver 

grafts24,25.Furthermore, it allows studying the molecular mechanisms leading to 

increased endothelial sensitivity to injury in the absence of shear stress, with 

the aim of discovery druggable targets to prevent endothelial and tissue 
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damage during organ procurement. For this purpose, we analyzed the effects of 

shear stress interruption and cold storage on the hepatic endothelial phenotype 

and function, and developed a pharmacological strategy to maintain endothelial 

health in the setting of organ transplantation.  

We firstly characterized the hepatic endothelial vasoprotective phenotype 

during cold storage, both at tissular and cellular levels, by analyzing the KLF2-

derived protective pathways. Our study demonstrates that during cold storage 

conditions, the hepatic endothelial vasoprotective phenotype is rapidly lost. 

Indeed, the hepatic expression of KLF2 and its target genes eNOS, TM and 

HO-1 is significantly reduced just after 1h or 6h of cold storage. Reduced 

expression of KLF2 and its transcriptional target progressively increased 

throughout cold storage. Although it is well established that within the liver, as 

well as in the vasculature, the expression of KLF2 is mainly 

endothelial11,26,27,we further characterized the effects of shear stress termination 

and cold storage conditions on the vasoprotective phenotype in freshly isolated 

hepatic endothelial cells. These in vitro experiments confirmed that once flow 

stimulus is terminated, and cells are preserved under cold storage conditions, 

hepatic endothelial KLF2-derived vasoprotective pathways are significantly 

downregulated. 

To understand the pathophysiological consequences of an abnormal 

endothelial phenotype occurring during cold storage, we characterized the 

hepatic microcirculation status and the hepatic endothelial function during warm 

reperfusion. These experiments showed that upon reperfusion, cold stored liver 

grafts exhibit much higher hepatic vascular resistance, as comparing to liver 

grafts not cold stored. Moreover, these liver grafts exhibit acute endothelial 
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dysfunction. These microcirculatory abnormalities were accompanied by 

significant hepatic injury, as demonstrated by marked increments in: hepatic 

enzymes release, inflammation, apoptosis, oxidative stress, histological injury 

and significant reduction in bile production. Our results are in agreement with 

previous reports describing increased vascular tone, apoptosis and 

inflammation following cold storage and warm reperfusion8,28-32, further 

supporting the concept that both the endothelium and the liver parenchyma are 

negatively affected by cold storage and warm reperfusion. 

It is well known that successful graft function and patient recovery after 

transplantation depends on the degree of organ protection achieved during cold 

storage, being the composition of the organ preservation solution crucial to 

reach maximum protection33,34. A variety of studies have evaluated the possible 

beneficial effects of new or modified organ preservation solutions on liver 

function and viability upon reperfusion28,35; however none of them focused at 

improving endothelial protection during cold storage. In our study, we 

addressed this question by analyzing the possible beneficial effects of adding 

simvastatin, a drug known for it vasoprotective properties, to a standard solution 

for organ preservation. 

Statins, or HMG-CoA reductase inhibitors, up-regulate KLF2-derived 

transcriptional programs improving endothelial function12,19,27,36. This kind of 

drugs have been described as prophylactic agents to treat ischemia-reperfusion 

injuries37. Moreover we recently suggested that simvastatin could be used as a 

supplement for organ preservation solutions due to its capability to sustain the 

expression of KLF2-derived vasoprotective transcriptional pathways in cold 

stored endothelial cells11. Here we demonstrate that the addition of simvastatin 
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to the UWS, a commonly used cold storage solution, maintains KLF2-derived 

vasoprotective pathways during short and long periods of cold liver ischemia. 

Furthermore, simvastatin addition to UWS dramatically improves the capacity of 

this solution to protect liver viability and function during cold storage and to 

inhibit the development of hepatic microcirculatory dysfunction and liver injury 

upon warm reperfusion. Specifically, liver grafts cold stored in the presence of 

simvastatin and afterwards warm reperfused exhibited significantly reduced 

hepatic injury, normal hepatic resistance and improved endothelial function as 

compared to grafts cold stored without simvastatin in the preservation solution. 

Remarkably, the protective effects of simvastatin were observed in liver grafts 

cold stored for 16h, a period of time where UWS no longer provides 

protection38,39, thus opening up the possibility to lengthen liver procurement 

periods. 

Liver function and viability protection conferred by simvastatin, defined as 

normalization of liver enzymes release and bile production, can be partly 

explained by the prevention of inflammation, apoptosis and oxidative stress, as 

demonstrated by their surrogate markers ICAM-1, cleaved caspase-3, and O2
-. 

These results, which are in accordance with previous reports describing KLF2-

derived anti-inflammatory, anti-apoptotic and antioxidant effects14,40, suggest 

that the beneficial effects of simvastatin on liver function derive from its ability to 

maintain KLF2-derived vasoprotective pathways during cold storage. 

To understand the molecular mechanisms responsible for the simvastatin-

derived liver microcirculation protection, and considering that statins enhance 

endothelial NO production by upregulating eNOS expression and activity41, and 

that NO donors protect livers against I/R injury42, we characterized the NO 
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pathway in the liver grafts included in the present study. These experiments 

demonstrated that simvastatin addition to cold storage solution leads to an 

upregulation of hepatic NO bioavailability, measured as its secondary 

messenger camp. The up-regulation in NO levels could derive from increased 

eNOS expression and activity, as suggested by increased expression of the 

biologically active phosphorylated eNOS together with reduced levels of its 

scavenger superoxide (O2
-)20. All together, these observations suggest that 

maintenance of an adequate NO generation may be responsible, at least in 

part, for preventing the increase in liver vascular resistance as well as for the 

normal endothelial function observed in liver grafts cold stored with simvastatin.  

Two important clinical implications derive from the present study. Firstly it has 

been recently suggested that improvement in organ function post-

transplantation achieved by machine continuous perfusion preservation may be 

partly derived from endothelial protection due to up-regulation of shear stress-

sensitive protective genes43. The data included in our study demonstrate that 

addition of a vasoprotective agent, such as simvastatin, to a liver cold storage 

preservation solution represents a much easier and cost-effective alternative to 

machine perfusion preservation. Secondly, it is well known that cold storage 

and warm reperfusion injuries are especially severe, and are associated with 

serious morbidity and mortality, when using expanded criteria donors or 

marginal2. The new approach for better preservation of organs for 

transplantation described in the present study opens the possibility to improve 

the function of liver grafts from marginal donors by using vasoprotective 

preservation solutions, which would represent a main step forward to improve 

donor pools and overcome current problems of organ shortage. 
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FIGURE LEGENDS 

Figure 1. Simvastatin maintains KLF2 and its vasoprotective target genes 

expression in livers during cold storage. (A) KLF2 and (B) eNOS, TM and HO-1 

mRNA expression was determined in livers not cold stored or stored for 1h, 6h or 16 h 

in University of Wisconsin Solution supplemented with Simvastatin (10μM) or its 

vehicle (*p<0.05 vs. no cold storage and simvastatin; n=7 per condition). 

 

Figure 2. Simvastatin induces hepatic endothelial KLF2 and its vasoprotective 

target genes expression during cold storage. Top, KLF2, eNOS and TM mRNA 

expression was determined in freshly isolated hepatic endothelial cells (HEC) 

preserved at 4ºC for 0h (no cold storage) or 16h in University of Wisconsin Solution 

supplemented with simvastatin (1μM) or its vehicle (*p<0.05 vs. no cold storage and 

simvastatin; n=4 per condition). Bottom, KLF2 and its vasoprotective target genes 

expression in HEC transfected with specific siRNA against KLF2 or control, and 

preserved for 16h in the presence of simvastatin (1μM) (*p<0.05 vs. siRNA control; n=5 

per condition). 

 

Figure 3. Simvastatin ameliorates I/R liver injury. Liver grafts not cold stored 

(control group) or cold stored for 16h in University of Wisconsin Solution supplemented 

with simvastatin (10μM) or with its vehicle were analyzed following warm reperfusion. 

Hepatic architecture status was assessed by H&E staining, 20X (top) and 40X (bottom) 

magnifications (A). Hepatic injury was measured by analyzing transaminases (ALT and 

AST), lactate dehydrogenase (LDH) levels (B) and bile production (C). (*p<0.05 vs. no 

cold storage and simvastatin; n=7 per group).  

 

Figure 4. Simvastatin prevents hepatic I/R injury-derived oxidative stress, 

inflammation and cell death. (A) Top, representative confocal microscopy images of 
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superoxide (O2
-) in situ detection in fresh sections from livers not cold stored (control 

group) or cold preserved for 16h in University of Wisconsin Solution supplemented with 

simvastatin (10μM) or its vehicle, and afterwards warm reperfused. Bottom, liver 

sections described above fluorescence intensity analysis. (*p<0.05 vs. no cold storage 

and simvastatin; #p<0.05 vs. vehicle; n=3 per condition). (B) Top, representative 

images of cleaved caspase-3 (apoptosis) and ICAM-1 (inflammation) immunoblots of 

liver grafts preserved as described above. Bottom, densitometric analysis of depicted 

proteins normalised to GAPDH. (*p<0.05 vs. no cold storage and simvastatin; n=7 per 

condition).  

 

Figure 5. Simvastatin improves hepatic microcirculation and endothelial 

dysfunction in livers cold stored and warm reperfused. (A) Intrahepatic vascular 

resistance (IVR) variation observed during warm reperfusion of livers not cold stored 

(control group) or livers cold preserved for 16h in University of Wisconsin Solution 

supplemented with simvastatin (10μM) or its vehicle (n=7 per group). (B) Endothelial 

function evaluation of liver grafts described in A. Top, IVR increment due to portal flow 

increments (n=7 per group). (C) Endothelium-dependent relaxation to acetylcholine of 

liver grafts preserved as described in A (n=5 per group). (*p<0.05 vs. no cold storage 

and simvastatin). 

 

Figure 6. Simvastatin preserves NO bioavailability during liver procurement. (A) 

Top, representative eNOS and p-eNOS western blots of liver grafts not cold stored or 

cold preserved for 16h in University of Wisconsin Solution supplemented with 

simvastatin (10μM) or its vehicle. Bottom, protein densitometric analysis normalised to 

GAPDH. (B) cGMP levels determined in livers described in A. (*p<0.05 vs. no cold 

storage and simvastatin; #p<0.05 vs. vehicle; n=7 per group). 
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