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ABSTRACT: Advanced chronic liver disease (aCLD) represents a major public health concern. aCLD is more
prevalent and sewere in the elderly, carrying a higher risk of decompensation. We aimed at understanding how
aging may impact on the pathophysiology of aCLD in aged rats and humans and secondly, at evaluating
simvastatin as a therapeutic option in aged animals. aCLD was induced in young (1 month) and old (16 months)
rats. A subgroup of aCLD-old animals received simvastatin (5 mg/kg) or \ehicle (PBS) for 15 days. Hepatic and
systemic hemodynamic, liver cells phenotype and hepatic fibrosis were evaluated. Additionally, the gene
expression signature of cirrhosis was evaluated in a cohort of young and aged cirrhotic patients. Aged animals
developed amore sewere form of aCLD. Portal hypertension and liver fibrosis were exacerbated as a consequence
of profound deregulations in the phenotype of the main hepatic cells: hepatocytes presented more extensive cell-
death and poorer function, LSEC were further capillarized, HSC ower-activated and macrophage infiltration was
significantly increased. The gene expression signature of cirrhosis significantly differed comparing young and
aged patients, indicating alterations in sinusoidal-protective pathways and confirming the pre-clinical
observations. Simvastatin administration for 15-day to aged cirrhotic rats improwed the hepatic sinusoidal milieu,
leading to significant amelioration in portal hypertension. This study provides evidence that aCLD pathobiology
is different in aged individuals. Asthe median age of patients with aCLD is increasing, we propose a real-life pre-
clinical model to dewlop more reliable therapeutic strategies. Simvastatin effects in this model further
demonstrate its translational potential.
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The socioeconomic and medical careimprovement during  population will continue to outpace that of younger
the last decades has led to a relevant increasein the elderly ~ population over the next years [1]. Aging is associated
population around the world. This growth of older with a physiological decline in most organ functions,
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including the liver [2]. Indeed, we have recently described
the changes occurring in the liver sinusoidal cells during
healthy aging, demonstrating that aging is accompanied
by an accumulation of slight, but significant,
modifications in the hepatic sinusoid that could turn into
vulnerability in front of chronic or acute liver damage [3].
Advanced chronic liver disease (aCLD) represents a
serious and costly problem for our society. Approximately
844 million people suffer from a chronic liver condition
worldwide, making it comparable to other major public
health problems related to chronic diseases such as
cardiovascular diseases [4, 5]. The incidence of aCLD
increases dramatically with age, and is accompanied by
worse prognosis [6], consequently aging has been defined
as amajor risk factor for the development of chronic liver
conditions [7, 8]. Importantly, and despite the impact of
aging on human aCLD, most of the pre-clinical studies
aimed at understanding liver disease pathophysiology
have been developed in young animals, with few
exceptions [9-11].

Statins have been proposed for the treatment of
aCLD. Indeed, pre-clinical studies suggested sinusoidal-
protective properties [12-16], which may explain the
benefits of statins on portal hypertension, survival and
hepatocellular carcinoma development observed in
clinical and epidemiological  studies  [17-19].
Nevertheless, all published pre-clinical studies were made
in young animals while clinical studies included patients
with an advanced median age.

The present study aimed at understanding how aging
may impact on the pathobiology of aCLD, specially
focusing on the hepatic microcirculatory dysfunction,
fibrosis and portal hypertension. We hypothesized that the
cumulative mild changes observed in the sinusoidal
milieu of healthy aged livers may have relevant
consequences during chronic liver injury.

Secondary aims included the evaluation of
simvastatin as a therapeutic option in a pre-clinical rat
model of aged cirrhosis, and to elucidate the mechanisms
responsible for the possible beneficial effect of the
treatment.

MATERIALS AND METHODS

Additional materials and methods are included in the
online supplementary information.

Induction of cirrhosis & simvastatin treatment

Advanced chronic liver disease was induced in male
Wistar rats 1-month old (young group; aCLD-young) and
16-month old (aged group; aCLD-old) through chronic
exposure to CCls and phenobarbital [16, 20].

After approximately 14 weeks, once the animals
developed ascites, CCls and phenobarbital administration
was discontinued. No differences in the hepatotoxicants
administration period to achieve aCLD were observed
comparing groups. 5 days after detection of ascites,
aCLD-young and aCLD-old animals (n=7 per group)
were exhaustively characterized to accomplish the first
objective of the study. An additional group of aCLD-old
animals (n=20) were distributed randomly to investigate
the effects of simvastatin on portal hypertension,
microcirculatory dysfunction and fibrosis in the aged
cirrhotic model. Simvastatin (5 mg/kg) or its vehicle
(PBS) was administered daily by gavage for 15 days.
Hemodynamic  analysis and subsequent sample
processing were performed 1 hour after the last
administration. Simvastatin or its vehicle was prepared by
a third person, and therefore, the investigators
administering the drug and performing the experiments
were not aware of the treatment received by the rats. This
blinding was maintained until the final analysis of results.
Animals were kept in environmentally controlled animal
facilities. All procedures were approved by the laboratory
animal care and use committee of the University of
Barcelona and were conducted in accordance with the
European Community guidelines for the protection of
animals used for experimental and other scientific
purposes (EEC Directive 86/609)

In vivo haemodynamic measurements

Mean arterial pressure (MAP), portal pressure (PP) and
portal blood flow (PBF) were measured in old and young
rats using micro-catheters and transit-time flow probes
[14]. Hepatic vascular resistance (HVR) was calculated as
PP/PBF.

Liver endothelial function

After in vivo hemodynamic measurements, livers were
quickly isolated and perfused. Liver endothelial function
was determined as response to incremental doses of the
endothelium-vasodilator acetylcholine [21].

Hepatic cells isolation

Hepatocytes, Kupffer cells (KC), Liver Sinusoidal
Endothelial Cells (LSEC), and Hepatic Stellate Cells
(HSC) were isolated using well-established protocok
[22]. Only highly pure and viable cells were used.

Electron microscopy

Liver sinusoidal ultrastructure was characterized using
electron microscopy as previously described [3, 23].
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Histological analysis

Liver samples were fixed in 10% formalin, embedded in
paraffin, sectioned, and slides were stained with
hematoxylin and eosin (H&E) to analyze the hepatic
parenchyma, with Sirius Red for liver fibrosis evaluation,

with Oil red-O for lipid quantification or with
corresponding antibodies for protein
immunohistochemistry (IHC) or immunofluorescence

(IF).

Table 1.Biometric, biochemical and hemodynamic characteristics in aCLD-young and aCLD-old rats.

aCLD-young aCLD-old % change p-value

4 m.o. 20 m.o.
Body weight (g) 371 +16 701 +£35 +88 <0.001
Liver (g) 10.7 0.6 17.9+0.9 +67 <0.001
Liver-body weight ratio (%0) 2.88£0.13 257 +0.14 -11 0.09
AST (UL 189 +11 304 +47 +61 0.03
ALT (UL 82 +8 97 +8 +20 0.17
Bilirubin (mg/dL) 0.51 +0.24 0.51 +0.12 0 >0.20
Bile production (pL/min*g) 30 +8 18 +3 -40 0.16
Albumin (mg/dL) 26 +1 20 +2 -24 0.01
Plasma cholesterol (mg/dL) 75 x5 106 =11 +41 0.01
Plasma LDL cholesterol (mg/dL) 45 +4 75 +8 +66 0.007
Plasma HDL cholesterol (mg/dL) 20 *2 13 %2 -33 0.03
Plasma triglycerides (mg/dL) 41 +8 84 +13 +107 0.01
Plasma FFA (mg/dL) 623 =67 504 =70 -19 >0.20
Oil red O-staining (%) 0.47 £0.14 1.83 +0.32 +289 0.04
MDA (nmol/mg protein) 2.68 £0.68 2.36 +0.28 -12 >0.20
LPS (EU/mL) 1.13+0.19 2.00 +£0.13 +77 0.002
PP (mmHg) 14.3+0.3 16.9 +1.2 +18 0.03
PBF (mL/min*g) 1.21+0.12 1.59 +0.23 +31 0.12
HVR (mmHg*min/mL*g) 127+14 125423 -2 >0.20
Ex vivo HVR (mmHg*min/mL*g) 0.23 +0.03 0.41 +0.04 +78 0.002
MAP (mmHg) 91 +6 103 =7 +13 >0.20
HR (bpm) 340 +15 338 +16 -0.5 >0.20

Data expressedasmean +S.E.M. (n =7 each group).

AST : aspartate transaminase; ALT: alanine transaminase; LDL: lowdensity lipoprotein; HDL: high density lipoprotein; FFA: free fatty acids,
MDA: malondialdehyde; LPS: lipopolysaccharide; EU: endotoxin units; PP: portal pressure; PBF: portal blood flow; HVR: hepatic vascular

resistance; MAP: mean arterial pressure; HR: heart rate.
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Figure 1. Hepatocyte phenotype markers in 4 months-young and 20 months-old rats with aCLD. (A) Representative
transmission electron microscopy images and corresponding quantification of numbers of sinusoids (S), lack of microvilli (M), big
space of Disse (D), peliosis(P), basal lamina deposition and number of necrotic hepatocytes (H) in liver tissue from 4 months-young
and 20 months-old rats withaCLD. (B) HNF4a, Octl, Mrp2 and Mrp3 mRNA expression in livers described in A.n=3 (A) and (B)
n=7 per group. Results represent mean + S.E.M. All images: 3000X, scale bar=20um.

Nitric oxide and superoxide determinations

Levels of cGMP, marker of nitric oxide bioavailability,
were analyzed in liver homogenates using an enzyme
immunoassay following  manufacturer instructions
(Cayman Chemical Co., Ann Arbor, MI) [24]. In situ
mitochondrial or total superoxide levels in hepatic tissue
or in cells were assessed with the mitochondrial oxidative
fluorescent dye MitoSOX (MitoSOX 5uM; Molecular
Probes Inc., Eugene, OR) or with the total oxidative
fluorescent dye dihydroethidium (DHE 10pM; Molecular
Probes Inc., Eugene, OR) respectively as described [25,
26]. Fluorescence images were obtained with a
fluorescence microscope (Olympus BX51, Tokyo, Japan),
and quantitative analysis of at least 20 images per
condition containing equivalent number of cells was
performed with Image J 1.44m software.

Human liver mRNA analysis

Fractions of liver biopsy specimens obtained by
transjugular route, and primarily processed for clinical
pathology, were stored in diethyl pyrocarbonate (DEPC)
solution for mRNA isolation using the RNeasy kit
(Qiagen). 250 ng of highly pure and preserved RNA were
deeply analyzed using the Hlumina Whole Genome-
DASL assay, which quantifies approximately 24,000
transcripts. The microarray data were deposited and
stored in GEO (GSE77627).

lllumina were processed using lumi package quantile
normalisation [27]. Coefficient for age, derived from a
linear model using probe set expression versus age and
gender adjusted [28], was employed as a metric score to
evaluate the influence of age in the gene expression from
cirrhotic liver tissue. We performed pre-ranked gene set
enrichment analysis (GSEA) using the canonical
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pathways MSigDB collection signatures [29].

Ethics Committee of the Barcelona Hospital Clinic

approved the experimental protocol (HCB/2011/6814).
Experimental groups were defined considering patients’
age: young (n=7, mean age 42 +5 years old, range 33-48),

old (n=7, mean age 62 +4, range 58-70).
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Statistical Analysis

Statistical analysis was performed with the SPSS for
Windows statistical package (IBM, Armonk, New York,
USA). All results are expressed as mean +standard error

of the mean (S.E.M.). Comparisons between groups were
performed with Student’s t test. Differences were
considered significant at a p value <0.05.
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Figure 2. LSEC phenotype markers in
aged rats with aCLD. The following
markers of sinusoidal endothelial
phenotype were analysed in liver tissue
from 4 months-young and 20 months-
aged rats with aCLD. (A) mRNA
expression of KLF2 and CD32b. (B)
Representative images of CD32b

immunehistochemistry and
corresponding  quantification. ©
Representative  images  of eNOS
immunohistochemistry and
corresponding  quantification. D)
Representative  images  of VWF
immunohistochemistry and

corresponding quantification. (E) mRNA
expression of HGF, Wnt2, Hamp and
Axin2. (F) Representative scanning
electron  microscopy  images &
quantification of porosity, fenestration
frequency and fenestration diameter. n=7
(A-E) and n=3 (F) per group. Results
represent mean + S.E.M. Images from B-
D: 400X, scale bar=50um. Images from
F: 15000X, scale bar=1um.
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RESULTS

Aged rats with aCLD: baseline biometric and
biochemical characteristics.

As shown in Table 1, old rats with aCLD showed an
increase in body and liver weight compared to young
aCLD animals; however, liver/body-weight ratio was
moderately diminished. Evaluation of hepatic function
suggested a more severe deterioration in the aging group,

shown by lower plasma albumin levels and bile
production and higher serum transaminases.

Evaluation of plasma lipids revealed higher total
cholesterol, LDL-cholesterol, HDL-cholesterol and
triglycerides, without significant changes in free fatty
acids. Moreover, old rats with aCLD had higher hepatic
lipid accumulation as compared to young rats analyzed by
oil red-o-staining.

Interestingly, plasma levels of LPS were significantly
higher in aged animals with aCLD, suggesting increased
bacterial translocation in this group.
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Figure 4. Aged-related changes in the gene signature of cirrhotic human liver. Gene expression
analysis in cirrhotic youngand old human livers. (A) Lefi, fold enrichments (log) are plotted in a heatmap
using red colour for transcripts that are increased or using green colour for transcripts that are decreased

in old cirrhotic humans. Right, pathway enrichment
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are described in Supplementary table 1.

, n=7 per group. Clinical characteristics of donors
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resistance. Systemic hemodynamic parameters showed no
aCLD differences between groups.

Analysis of ex vivo hepatic vasodilatory capacity in
Old animals with aCLD had significantly higher portal response to incremental concentrations of acetylcholine
pressure (+18%) in comparison to young cirrhotic animals  revealed no differences between age groups (data not
(Table 1), which was the consequence of furtherincreases  shown).
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Aged rats with aCLD present deterioration in
hepatocyte phenotype

Ultrastructural analysis of liver architecture using
transmission electron microscopy revealed that aged
cirrhotic rats exhibit greater liver injury when compared
to young. Indeed, and as shown in Figure 1A, old livers
with aCLD presented decreased number of sinusoids, loss
of hepatocyte microvilli, greater presence of erythrocytes
inside the space of Disse (peliosis), further deposition of
basal lamina in the sinusoid, and a significant increase in
the percentage of necrotic hepatocytes. Further analysis of
hepatocyte phenotype markers in liver tissue confirmed a
marked deregulation in aging (Fig 1B).

The sinusoidal endothelium of aged rats with aCLD is
further capillarized

As shown in Figure 2, the expression of a variety of
vasoprotective, vasodilatory and angiocrine molecules,
including the transcription factor KLF2, the LSEC-
specific marker CD32b, and the anti-inflammatory and
vasodilatory ~ protein  eNOS, were significantly
deregulated in old cirrhotic livers in comparison to young.
Additional LSEC analysis using scanning electron
microscopy revealed a reduction in fenestrae porosity and
frequency, altogether suggesting that aged cirrhotic rats
undergo significantly greater sinusoidal capillarization.

Aged cirrhotic animals exhibit exacerbated fibrosis
and over-activation of HSC and macrophages

Analysis of extracellular matrix deposition in aged
cirrhotic livers evidenced a significant increment in
hepatic fibrosis, as demonstrated by increased Sirius Red
staining (Fig. 3A) and collagen | protein expression (Fig.
3B). According with this result, HSC phenotype markers
a-SMA and phosphorylated moesin were overexpressed
in aged cirrhotic liver tissue (Fig. 3C & D), with no
differences in desmin expression (data not shown), thus
suggesting over-activation of this hepatic cell type.
Finally, characterization of the hepatic macrophage
phenotype revealed increased infiltration of CD68+ cells
(Fig. 3E) with no differences in CD163+ cells (Fig. 3E),
and significant differences in the mRNA expression of
different cytokines including TNFa, Mrc1 and Argl (Fig.
3F).

Livers from old patients display significant variations
in the gene expression signature of cirrhosis

Supplementary table 1 shows the clinical and biochemical
parameters of patients with aCLD included in the
microarray analysis. Interestingly, older cirrhotic patients

exhibited higher hepatic venous pressure gradient
(HVPG) than young, with no differences in biochemical
or clinical determinations except for gender. Possible
gender influence in the analysis of gene expression was
prevented as described in the methods section.

Analysis of gene expression in liver tissue identified
382 genes differentially expressed comparing young and
aged cirrhotic patients (Fig. 4A). 204 genes were over-
expressed while 178 genes were downregulated in aging.

A more comprehensive characterization of the aged
cirrhotic liver gene signature was performed using
pathway enrichment analysis (PEA). PEA for upregulated
genes showed 4663 gene sets significantly enriched at a
false discovery rate (FDR)<25%, while 52 were
significantly enriched at FDR<10%. Supplementary table
2 shows the top ten significantly upregulated pathways.
Focusing on the top upregulated pathways related to
vascular pathobiology, these included: negative
regulation of vascular development, response to retinoic
acid, collagens and regulation of macrophage
differentiation (Supplementary table 3 and Fig. 4B).

PEA for downregulated pathways showed 919 gene
sets significantly enriched at FDR<25%, being 4 gene sets
significantly enriched at FDR<10%. Top ten significantly
downregulated pathways are detailed in Supplementary
table 4, and included olfactory signalling pathway and
neuron fate specification, among others.

Aged cirrhotic rats treated with simvastatin:
biometric and biochemical characteristics

In comparison to vehicle, simvastatin-treated rats
presented no differences in body weight, and a slight non-
significant increase in liver mass (Table 2). Biochemical
analysis showed improvements in bilirubin and albumin,
which together with increased bile production and no
modification in creatine kinase from muscle, suggested a
global improvement in hepatic injury without toxic
effects. No differences in plasma lipid spectrum were
observed comparing both groups.

Simvastatin improves portal hypertension in aged rats
with cirrhosis

Aged rats with aCLD treated with simvastatin exhibited a
significant improvement in PP (-25%), associated with
slight decreases in PBF and HVR, in comparison with
vehicle (Table 2). In addition, systemic hemodynamics
seemed to be ameliorated.

Simvastatin improves the hepatocyte phenotype in
aged cirrhotic rats
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Primary hepatocytes from old rats with aCLD treated with
simvastatin showed a significant improvement in several
phenotypic markers related with hepatic functionality
including upregulation in HNF4a, Octl and Mrp2 (Fig.
5A). Additionally, the activity of cytochrome P4503A4
was slightly higher compared to hepatocytes from
vehicle-treated rats (Fig. 5B). Further analysis of hepatic
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damage in liver tissue using transmission electron
microscopy revealed a significant improvement in
response to simvastatin, including maintenance of
hepatocyte microvilli, a decrease in the presence of
enlarged spaces of Disse, and a reduction in peliosis (Fig.
5C).

D Vehicle - Simva

B Liver: a-SMA and collagen | protein

Vehicle Simva

0-SMA ‘ — 43 KDa

Collagen | - | 139 KDa
GAPDH | v s 37 KDa

-
o
)

-
= p=0.1 p=0.03
<
)
2 1.0
°
I
E 0.5
S ‘ | | |
c
:.
< 0.0
o-SMA Collagen |

C Liver: p-moesin/moesin protein

Vehicle Simva

p-moesin — 77 KDa
moesin —— —— 77 KDa

p=0.02

-
o
]

T

-
=]
1

e
»

(ease jo %) aanisod urwsaq
A.U. normallized to moesin

=4
°

Figure 6. Simvastatin promotes decreased fibrosis deposition and HS C de-activation. (A) Representative images of fibrotic
content, a-SM A and desmin with their corresponding quantifications. (B) a-SM A and Collagen I protein expression in total liver
tissue, normalized to GAPDH. (C) Representative western blots of moesin and p-moesin and corresponding quantification. n=10
(A-C). Results represent mean + S.E.M. All images 400X, scale bar=50pum.

Simvastatin improves liver endothelial dysfunction in
aged rats with aCLD

Analysis of the hepatic microcirculatory function using ex
vivo liver perfusion revealed that old cirrhotic rats treated
with simvastatin exhibited a significant improvement in
their endothelium-dependent vasodilatory capacity (Fig.
5D), which correlated with decreased sinusoidal
expression of the capillarization marker vVWF (Fig. 5E).

Sinusoidal porosity as well as the number of fenestrae was
significantly improved in the group of aged cirrhotic rats
treated with simvastatin in comparison to those receiving

vehicle (Fig. 5F). In concordance with this finding, the
hepatic expression of caveolin-1, protein upregulated
when fenestrae disappear [30], was significantly
decreased in simvastatin-treated rats (Supplementary Fig.
1A). LSEC phenotype amelioration after simvastatin
treatment was further confirmed observing up-regulation
in the mRNA expression of KLF2, CD32b, Hamp and
Axin2 (Supplementary Fig. 1B & C), and down-
expression of CD31 (Supplementary Fig. 1D) and ICAM-
1 (Supplementary Fig. 1E & F). In contrast, we did not
observe differences between groups in the NO-eNOS
pathway (Supplementary Fig.2).
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Table 2. Biometric, biochemical and hemodynamic characteristics in aCLD-old rats treated with simvastatin or vehicle.

Vehicle Simvastatin % change p-value
Body weight (g) 655 +31 681 +18 +4 >0.20
Liver (g) 16.6 1.0 19.1+1.1 +15 0.15
Liver-body weightratio (%) 258 +0.19 2.81+0.15 +9 >0.20
AST (UL 188 +£34 155 +28 -18 >0.20
ALT (UL 61 +5 57 +6 -7 >0.20
CKM (ng/mL) 64 +13 47 +10 -27 >0.20
Bilirubin (mg/dL) 0.23 +0.06 0.10 +0.00 -57 0.05
Bile production (L/min*100g bw) 235%7.1 42.0x16.5 +45 0.17
Albumin (mg/dL) 220+1.1 24.2 +£0.8 +10 0.10
Plasma cholesterol (mg/dL) 86 £5 79 £10 -8 >0.20
Plasma LDL cholesterol (mg/dL) 64 +5 55 +7 -14 >0.20
Plasma HDL cholesterol (mg/dL) 14015 15.6 +£2.6 +7 >0.20
Plasmatriglycerides (mg/dL) 38.0 5.1 421 +7.1 +11 >0.20
Oil redO-staining (%) 1.33 £0.22 1.64 £0.39 +23 >0.20
MDA (nmol/mg protein) 2.68 +0.74 2.35%0.30 -12 0.15
LPS (EU/mL) 1.49 +0.18 1.62 +0.13 +8 >0.20
PP (mmHg) 159 +1.4 11.9+0.8 -25 0.02
PBF (mL/min*g) 1.28 +0.17 1.13+0.16 -12 >0.20
HVR (mmHg*min/mL*g) 13.9+24 124+15 -11 >0.20
Ex vivo HVR (mmHg*min/mL*g) 0.39 +0.04 0.32 +0.03 -18 0.20
MAP (mmHg) 97 =6 110 %5 +13 >0.20
HR (bpm) 332 +22 381 +25 +15 0.06

Data expressedas mean +=SEM (n =10 each group).

AST : aspartate transaminase; ALT: alanine transaminase; CKM: Creatinine kinase from muscle; LDL: low density lipoprotein; HDL: high
density lipoprotein; MDA: malondialdehyde; LPS: lipopolysaccharide; EU:endotoxin units; PP: portal pressure; P BF: portal blood flow; HWR:

hepatic vascular resistance; MAP: meanarterial pressure; HR: heart rate.

Simvastatin decreases liver fibrosis and promotes
deactivation of HSC

Aged rats with aCLD treated with simvastatin showed
significantly lower hepatic fibrosis when compared to
vehicle as demonstrated by significant reductions in Sirius
Red staining and collagen | (Fig. 6A & B). Expression of
the activation marker a-SMA decreased in response to
statin (Fig. 6A & B), while we observed no differences in
desmin marker indicating no changes in HSC abundance
(Fig. 6A). HSC contractilty was decreased by

simvastatin, as suggested by reduced expression of p-
moesin (Fig. 6C) and reduced in vitro contractility of
primary human HSC (Supplementary Fig. 3A).

Oxidative stress, a well-known pro-fibrogenic
stimulus, was attenuated both in liver tissue and primary
HSC isolated from aged cirrhotic rats treated with
simvastatin (Supplementary Fig. 3B - D).

Simvastatin ameliorates the pro-inflammatory status of
aged cirrhotic rat livers
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As shown in Supplementary Figure 4, CD68+
macrophage infiltration was significantly reduced in
simvastatin-treated rats, with no changes in CD163+
positive cells and neutrophil infiltration (data not shown).
Accordingly, the mRNA expression of several cytokines
was decreased in simvastatin-treated rats.

DISCUSSION

Due to its high incidence worldwide, advanced chronic
liver disease (aCLD) has become a major public health
problem comparable to diabetes [4, 5]. Epidemiological
data confirm that cirrhosis is more prevalent in the elderly
[31], it progresses faster in this sub-group of patients [32]
and importantly, that decompensation is more frequent in
older patients (14%) compared to younger ones (4%) [33,
34].

In the pre-clinical scenario little is known about the
impact of aging on liver diseases. Previous work
suggested higher rate of fibrosis deposition in aged rats
and attributed this to alterations in the immune response
[9, 10]. However, this is the first study that evaluates the
impact of aging on the hepatic sinusoidal milieu in a
validated pre-clinical model of aCLD, focusing on the
pathophysiology of the disease and its hemodynamic
alterations.

The main finding of the present study is that aged
animals develop a more severe form of aCLD, which can
be broadly defined by poorer hepatic function and
exacerbated portal  hypertension, fibrosis  and
inflammation. Indeed, aged rats with cirrhosis exhibited
serious liver damage reflected by the increase in
transaminases and the reduction in serum albumin and
bile production in comparison with young rats with aCLD.
Interestingly, aging was also accompanied by increases in
both systemic and hepatic lipid content which can be an
important source of oxidative stress; a well-known
detrimental factor in the pathophysiology of portal
hypertension and aCLD [35]. Hepatocytes experienced
profound deregulations in their phenotype and more
extensive cell death, which together with increased
fibrosis caused greater hepatic architecture deterioration.
Indeed, increased hepatocyte necrosis could also over-
stimulate HSC activation and therefore further contribute
to disease exacerbation [36]. Considering the high index
of cell death observed in the aged group, a caspase
inhibitor may be an attractive target for the treatment of
chronic liver diseases [37].

At the microcirculatory level, we describe for the first
time that aged rats with aCLD show a marked aggravation
in portal hypertension, which could be explained by
increments in both vascular resistance and liver blood
inflow. We hypothesized that the deterioration of the
intrahepatic microcirculatory status is a consequence of

overall deregulations in the phenotype of the main liver
cells.

Although no significant differences in microvascular
dysfunction were observed between young and aged
cirrhotic animals, a comprehensive analysis of sinusoidal
de-differentiation markers revealed alterations in LSEC
phenotype including a reduction in the nitric oxide
synthase pathway, depletion of angiocrine mediators and
importantly, reduced porosity and frequency of fenestrae.
These observations agree with previous studies reporting
pseudo-capillarisation of the sinusoidal endothelium
during healthy aging [3, 38], revealing that these changes
are much intensified in aged livers affected by chronic
injury.

In addition to LSEC, HSC play a key role modulating
the hepatic vascular resistance in cirrhosis [39].
Importantly, we herein describe that old HSC undergo
significant changes due to chronic liver injury, which
ultimately lead to expanded deposition of extracellular
matrix in comparison to young animals. Interestingly,
previous pre-clinical studies suggested an increment in
hepatic fibrogenesis in aging [9, 10, 40], however we
describe such aggravation in a model of decompensated
cirrhosis that better reflects the clinical observations [32,
41].

The role of inflammation in the progression of CLD
has been widely described in the past, and recently
reviewed [42], nevertheless much less is known in the
context of aging [10, 40]. In our study, and in comparison,
to young animals, we observe that aged cirrhotic rats
exhibit further deterioration in the hepatic inflammatory
phenotype as demonstrated by a significant increase in the
recruitment of proinflammatory macrophages together
with a decrease in the expression of pro-resolution
cytokines in this cellular sub-population. The increase in
the myeloid cell content in the aged cirrhotic liver may
derive from the sinusoidal endothelial activation
described above, and importantly, this could be another
mechanism contributing to microcirculatory dysfunction
and global worsening of the disease [43].

In addition and aimed at understanding the
translatability of our pre-clinical discoveries, we
characterized the hepatic transcriptome in two groups of
cirrhotic patients of different age. Although the cohort of
patients included was small, the result of these analyses
confirmed the alterations observed in the aging rat model:
endothelial deregulation, HSC over-activation, enhanced
fibrogenesis and immune cell activation. Altogether, the
pre-clinical and clinical data obtained in this study suggest
that the pathophysiology of CLD is much worse, and
probably involves different molecular mechanisms, when
comparing aged and young individuals. Future studies,
out of the scope of the present manuscript, will be required
to further comprehend the impact of the unique gene
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expression signature of aged cirrhotic livers in the
progression and regression of CLD.

Statins are HMGCoA reductase inhibitors originally
designed as cholesterol-lowering drugs that over the years
have been re-discovered for their pleiotropic effects on
inflammation, fibrosis and endothelial function, among
others [44]. Different studies have reported the benefits of
statins in experimental models of young cirrhosis [12-14,
16] but none has evaluated the effect of this therapy in
aged aCLD.

In this study we observed that 2-week administration
of simvastatin to aged cirrhotic rats significantly improves
liver microvascular dysfunction and portal hypertension,
accompanied by slight ameliorations in the systemic
hemodynamic and in hepatic function.

Underlying mechanisms explaining the global
benefits of this vasoprotective compound revealed
reduced disease severity in all major hepatic cell types.
Hepatocytes exhibited an improved phenotype as
suggested by ameliorations in their synthetic capacity, in
blood tests and in the ultrastructural architecture.
Importantly, we did not observe signs of toxicity due to
the treatment, suggesting that previous evidence of
simvastatin toxic effects [45] may derive from the
experimental model used to induce CLD (common bile
duct ligation) and/or be dose dependent. Indeed, in our
study we selected a dose of 5 mg/day/kg in rats, which is
equivalent to a dose of 80 mg/day in adult humans
following Reagan-Shaw et al. dose conversion [46], and
preferred to generate CLD by chronic CCls with no
obstruction of bile secretion, thus preventing drug
accumulation.

As expected, simvastatin improved the phenotype of
sinusoidal cells. The hepatic endothelium increased the
expression of functional and angiocrine markers, while
decreased the expression of capillarisation and
inflammatory markers. Remarkably, aged cirrhotic
animals treated with simvastatin for 15 days exhibited
double number and frequency of fenestrae, which in fact
may contribute to improve parenchymal function through
a better diffusion of oxygen, nutrients, and waste
products. It is important to denote that no previous study
has demonstrated an improvement in sinusoidal porosity
in response to statin administration in vivo, just one study
showed amelioration in the fenestrae of the mesenteric
endothelium in a rat model of arterial hypertension [47].
Although our results support that the hepatic endothelium
was ameliorated due to the treatment, we could not detect
differences in the nitric oxide pathway when comparing
both groups of animals. Considering that we tested the
effects of 15-day simvastatin, treatment period longer
than in any previously published study, we cannot
disregard the possibility that a partial spontaneous
recovery in the vehicle-treated group may have occurred

and consequently no differences in certain markers could
be detected. Likewise, we cannot discard that aged rats
with cirrhosis may exhibit a poor NO-signaling response
to statins.

Importantly, simvastatin treatment promoted a
marked regression in liver fibrosis, which may be due to
deactivation of HSC, together with a reduction in
oxidative stress and inflammation. Additionally, HSC
phenotype improvement could also contribute to the
amelioration in hepatic microvascular dysfunction. Our
observations are in agreement with previous clinical
observations in patients with liver disease [44].

In conclusion, this study provides evidence that
aCLD has a much-aggravated pathophysiology in aged
individuals, and even more importantly, that aging may
activate different or additional molecular mechanisms
from those observed in young. Considering the increasing
age of many patients with aCLD, we propose that using
closer to real-life models to investigate the
pathophysiology of aCLD may allow the development of
more reliable therapeutic strategies. In fact, the
characterization of simvastatin in this model further
recommends its applicability at the bedside.

Acknowledgments

This study was carried out at the Esther Koplowitz Center
— IDIBAPS. Authors are indebted with Sergi Vila, Hector
Garc B, Montse Moncl(s and the Electron Microscopy
Unit (TEM/SEM) CCiTUB for their assistance.

Supplementary Materials

The Supplemenantry data can be found online at:
www.aginganddisease.org/EN/10.14336/AD.2019.0127.

References

[1]  He W,Goodkind D, Kowal P (2016). An Aging World:
2015 International Population Reports. US Gov Publ Off
Washington, DC P95/16-1.

[2] Le Couteur DG, McLean AJ (1998). The aging liver:
Drug clearance and an oxygen diffusion barrier
hypothesis. Clin Pharmacokinet, 34: 359-373.

[3] Maeso-D#zR, Ortega-Ribera M, Fern&ndez-lglesias A,
Hide D, MufpzL, Hessheimer AJ, et al. (2018). Effects
of aging on liver microcirculatory function and
sinusoidal phenotype. Aging Cell, 17: £12829.

[4] Blachier M, Leleu H, Peck-Radosavljevic M, Valla DC,
Roudot-Thoraval F (2013). The burden of liver disease
in Europe: A review of available epidemiological data. J
Hepatol, 58: 593-608.

[5] Marcellin P, Kutala BK (2018). Liver diseases: A major,
neglected global public health problemrequiring urgent
actions and large-scale screening. Liver Int, 38: 2—6.

[6] Angulo P, Keach JC, Batts KP, Lindor KD (1999).

Aging and Disease * Volume 10, Number 4, August 2019

696


http://www.aginganddisease.org/EN/10.14336/AD.2019.0127

Maeso-DEz R., et al

Impact of aging in advanced chronic liver disease

(1
8]

[

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Independent predictors of liver fibrosis in patients with
nonalcoholic steatohepatitis. Hepatology, 30: 1356-
1362.

Tsochatzis EA, Bosch J, Burroughs AK (2014). Liver
cirrhosis. Lancet, 383: 1749-1761.

Sheedfar F, Biase S Di, Koonen D, Vinciguerra M
(2013). Liver diseasesand aging: Friends or foes? Aging
Cell, 12: 950-954.

Ramirez T, Li YM, Yin S, Xu MJ, Feng D, Zhou Z, etal.
(2017). Aging aggravates alcoholic liver injury and
fibrosis in mice by downregulating sirtuin 1expression.
J Hepatol, 66: 601-609.

Collins BH, Holzknecht ZE, Lynn KA, SempowskiGD,
Smith CC, Liu S, et al. (2013). Association of age-
dependent liver injury and fibrosis with immune cell
populations. Liver Int, 33: 1175-1186.

Kim IH, Xu J, Liu X, KoyamaY, MaHY, Diggle K, et
al. (2016). Aging increases the susceptibility of hepatic
inflammation, liver fibrosis and aging in response to
high-fat diet in mice. Age (Omaha), 38: 291-302.
Trebicka J, Hennenberg M, Laleman W, Shelest N,
Biecker E, Schepke M, et al. (2007). Atorvastatin lowers
portal pressure in cirrhotic rats by inhibition of
RhoA/Rho-kinase and activation of endothelial nitric
oxide synthase. Hepatology, 46: 242—253.

Abraldes JG, Rodrguez-Vilarrupla A, Graupera M,
Zafra C, Garc n-Calderd H, Garc ®-Pagan JC, et al.
(2007). Simvastatin treatment improves liver sinusoidal
endothelial dysfunction in CCl4cirrhotic rats. J Hepatol,
46: 1040-1046.

Marrone G, Maeso-D Rz R, Garc R-Cardena G, Abraldes
JG, Garc ®-Pagan JC, Bosch J, et al. (2015). KLF2 exerts
antifibrotic and vasoprotective effects in cirrhotic rat
livers: Behind the molecular mechanisms of statins. Gut,
64: 1434-1443.

Meireles CZ, Pasarin M, Lozano JJ, Garc R-Calder&H,
Gracia-Sancho J, Garc ®-Pagan JC, et al. (2017).
Simvastatin attenuates liver injury in rodents with biliary
cirrhosis submitted to hemorrhage/resuscitation. Shock,
47: 370-377.

Tripathi DM, Vilaseca M, Lafoz E, Garcia-Caldero H,
Haute GV, Ferné&ndez-lglesias A, et al. (2018).
Simvastatin Prevents Progression of Acute on Chronic
Liver Failure in Rats With Cirrhosis and Portal
Hypertension. Gastroenterology, 155: 1564—-1577.
Abraldes JG, Villanueva C, Aracil C, Tumes J,
Hernandez-Guerra M, Genesca J, et al. (2016). Addition
of Simvastatin to Standard Therapy for the Prevention of
Variceal Rebleeding Does Not Reduce Rebleeding but
Increases Survival in Patients with Cirrhosis.
Gastroenterology, 150: 1160—-1170.

Bosch J, Abraldes JG, Fern&ndez M, Garc ®-Pagan JC
(2010). Hepatic endothelial dysfunction and abnormal
angiogenesis: New targets in the treatment of portal
hypertension. J Hepatol, 53: 558-567.

Mohanty A, Tate JP, Garcia-Tsao G (2016). Statins Are
Associated with a Decreased Risk of Decompensation
and Death in Veterans with Hepatitis C-Related
Compensated Cirrhosis. Gastroenterology, 150: 430—
440.

[20]

[21]

[22]

[23]

[24]

[29]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Gracia-Sancho J, Lavifa B, Rodrguez-Vilarrupla A,
Brandes RP, Ferné&ndez M, Bosch J, et al. (2007).
Evidence Against a Role for NADPH Oxidase
Modulating Hepatic Vascular Tone in Cirrhosis.
Gastroenterology, 133: 959-966.

Russo L, Gracia-Sancho J, Garc R-Calder&H, Marrone
G, Garcm-Pagéan JC, et al. (2012). Addition of
simvastatin to cold storage solution prevents endothelial
dysfunctionin explantedrat livers. Hepatology, 55: 921
930.

De MesquitaFC, GuixéMuntet S, Fern&ndez-lglesias A,
Maeso-D &zR, Vila S, Hide D, etal. (2017). Liraglutide
improves liver microvascular dysfunctionin cirrhosis:
Evidence fromtranslational studies. SciRep, 7: 1-10.
Le Couteur DG, CoggerVC, Markus AMA, Harvey PJ,
Yin ZL, Ansselin  AD, et al  (2001).
Pseudocapillarization and associated energy limitation in
the aged rat liver. Hepatology, 33: 537-543.
Gracia-Sancho J, Lavifa B, Rodrguez-Vilarrupla A,
Garc B-CalderoH, Fernéndez M, et al. (2008). Increased
oxidative stress in cirrhotic rat livers: A potentil
mechanism contributing to reduced nitric oxide
bioavailability. Hepatology, 47: 1248—1256.

Hide D, Ortega-Ribera M, Fernandez-lglesias A,
Fondevila C, SalvadoMJ, Arola L, et al. (2014). A novel
form of the human manganese superoxide dismutase
protects rat and human livers undergoing ischaemia and
reperfusion injury. Clin Sci, 127: 527-537.

Vilaseca M, Garc R-Calderd H, Lafoz E, Ruart M,
Ldpez-Sanjurjo C, Murphy MP, et al. (2017).
Mitochondria-targeted  antioxidant mitoquinone
deactivates human and rat hepatic stellate cells and
reduces portal hypertension in cirrhotic rats. Liver Int,
37: 1002-1012.

Du P, Kibbe WA, Lin SM (2008). lumi: A pipeline for
processing lllumina microarray. Bioinformatics, 24:
1547-1548.

Ritchie M, PhipsonB,Wu D,Hu Y, Law C, ShiW,etal.
(2015). limma powers dierential expressionanalyses for
RNA-sequencingand microarray studies. Nucleic Acids
Res, 43: e47.

Liberzon A, Subramanian A, Pinchback R,
Thorvaldsddtir H, Tamayo P, Mesirov JP (2011).
Molecular signatures database (MSigDB) 3.0.
Bioinformatics, 27: 1739-1740.

Yamazaki H, Oda M, TakahashiY, IguchiH, Yoshimura
K, Okada N, et al. (2013). Relation between
Ultrastructural Localization, Changes in Caveolin-1, and
Capillarization of Liver Sinusoidal Endothelial Cells in
Human Hepatitis C-Related Cirrhotic Liver. JHistochem
Cytochem, 61: 169-176.

Frith J, Jones D, Newton JL (2009). Chronic liver disease
in an ageing population. Age Ageing, 38: 11-18.
Poynard T, Ratziu V, Charlotte F, Goodman Z,
McHutchisonJ, AlbrechtJ (2001). Rates and risk factors
of liver fibrosis progression in patients with chronic
hepatitis C.J Hepatol, 34: 730-739.

Thabut D, Le Calvez S, Thibault V, Massard J,
Munteanu M, DiMartino V, et al. (2006). Hepatitis C in
6,865 patients 65 yr or older: A severe and neglected

Aging and Disease * Volume 10, Number 4, August 2019

697



Maeso-DEz R., et al

Impact of aging in advanced chronic liver disease

[34]

[39]

[36]

[37]

[38]

[39]

[40]

curable disease? AmJ Gastroenterol, 101: 1260-1267.
Davis GL, Alter MJ, El-Serag H, Poynard T, Jennings
LW (2010). Aging of hepatitis C virus (HCV)-infected
personsin the United States:amultiple cohort model of
HCV  prevalence and disease progression.
Gastroenterology, 138: 513-521.

Gracia-Sancho J, Marrone G, Fernandez-lglesias A
(2018). Hepatic microcirculation and mechanisms of
portal hypertension. Nat Rev | Gastroenterol Hepatol,
doi: 10.1038/541575-018-0097-3.

Canbay A, Taimr P, Torok N, Higuchi H, Friedman S,
Gores GJ (2003). Apoptotic body engulfment by a
human stellate cell line is profibrogenic. Lab Investig,
83: 655-663.

Natori S, HiguchiH, Contreras P, Gores GJ (2003). The
caspase inhibitor IDN-6556 prevents caspase activation
and apoptosis in sinusoidal endothelial cells during liver
preservation injury. Liver Transplant, 9: 278-284.
Mitchell SJ, Huizer-Pajkos A, Cogger VVC, McLachln
AlJ, Le Couteur DG, Jones B, et al. (2011). Age-related
pseudocapillarization of the liver sinusoidal endothelium
impairs the hepatic clearance of acetaminophen in rats.
Journals Gerontol - Ser A Biol Sci, 66 A: 400-408.
Fernandez-lglesias A, Gracia-Sancho J (2017). How to
Face Chronic Liver Disease: The Sinusoidal Perspective.
Front Med, 4: 1-10.

Mahrouf-Yorgov M, de I'Hortet AC, Cosson C, Slama
A, Abdoun E, CGuidotti J-E, et al. (2011). Increased
Susceptibility to Liver Fibrosis with Age Is Correlated

[41]

[42]

[43]

[44]

[45]

[46]

[47]

with an Altered Inflammatory Response. Rejuvenation
Res, 14: 353-363.

Wali M, Harrison RF, Gow PJ, Mutimer D (2002).
Advancing donor liver age and rapid fibrosis progression
following transplantation for hepatitis C. Gut, 51: 248—
252.

Tacke F (2017). Targeting hepatic macrophages to treat
liver diseases. J Hepatol, 66: 1300-1312.

Nieto N (2006). Oxidative-stress and IL-6 mediate the
fibrogenic effects of rodent Kupffer cells on stellate
cells. Hepatology, 44: 1487—-1501.
Moctezuma-Vel&quez C, Abraldes JG, Montano-Loza
AJ (2018). The Use of Statins in Patients With Chronic
Liver Disease and Cirrhosis. Curr Treat Options
Gastroenterol, 16: 226—-240.

RodrguezS, Raurell I, Torres-Arauz M, Garc R-Lezana
T, Genescal, Martell M (2017). A Nitric Oxide-
Donating Statin Decreases Portal Pressure with a Better
Toxicity Profile than Conventional Statins in Cirrhotic
Rats. Sci Rep, 7: 1-12.

Reagan-Shaw S, Nihal M, Ahmad N (2007). Dose
translation from animal to human studies revisited.
FASEB J, 22: 659-661.

Briones AM, Rodrguez-Criado N, Hernanz R, Garc &-
Redondo AB, Rodrigues-D 8z RR, Alonso MJ, et al.
(2009). Atorvastatin prevents angiotensin Il-induced
vascularremodeling and oxidative stress. Hypertension,
54: 142-149.

Aging and Disease * Volume 10, Number 4, August 2019

698



