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ABSTRACT

Chronic pressure overload induces adverse cardiac remodelling characterised by left ventricular (LV) hypertrophy and fibrosis,
leading to heart failure (HF). Identification of new biomarkers for adverse cardiac remodelling enables us to better understand
this process and, consequently, to prevent HF. We recently identified clusterin (CLU) as a biomarker of cardiac remodelling and
HF after myocardial infarction. The aim of this study was to investigate whether CLU expression is regulated in the heart and
could be used as an indicator of adverse cardiac remodelling in response to pressure overload. We quantified CLU in the LV of
mice subjected to transverse aortic constriction (TAC) and observed increased CLU mRNA levels and its mature protein form
(m-CLU) compared to the sham. Interestingly, CLU mRNA levels were positively correlated with pro-hypertrophic (ANP, BNP,
B-MHC), pro- and anti-fibrotic (TGFb, ColI and CILP) genes. In addition, m-CLU was positively correlated with LV hypertrophy,
LV end diastolic and systolic diameters, and negatively correlated with LV ejection fraction. Finally, we observed that m-CLU
levels only increased in TAC mice with severe cardiac remodelling and dysfunction without any significant difference in plasma
CLU levels. This is the first study to demonstrate that cardiac expression of CLU is induced in the LV of TAC mice during ad-
verse cardiac remodelling. However, plasma CLU levels could not be used as biomarkers of TAC-induced cardiac remodelling
and dysfunction.

1 | Background

Cardiac remodelling is defined as genomic expression result-
ing in molecular, cellular and interstitial changes that manifest
clinically as changes in cardiac size, shape, and volume [1, 2]. It
can occur in response to pressure overload, such as aortic ste-
nosis and hypertension, or injury, such as myocardial infarction
(MI), to maintain cardiac function, but in the long term con-
tributes to the development of heart failure (HF) [3-5]. Despite

the therapeutic advances, HF is still one of the leading causes
of mortality worldwide and remains a major clinical and public
health problem [6, 7]. The identification of new biomarkers for
adverse cardiac remodelling will allow us to better understand
this process and thereby contribute to the prevention of HF.

Clusterin (CLU) is a secreted glycoprotein that is constitutively ex-
pressed in most mammalian tissues and is highly conserved across
species [8]. CLU has been shown to be induced in the heart during
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cardiac injury (MI [9-11] and myocarditis [12]) and appears to play
a protective role by reducing cardiac inflammation and apoptosis
[13, 14]. Recently, we identified CLU as a biomarker for cardiac re-
modelling after MI and a predictor of early death in HF patients
[15]. Indeed, by using a proteomic approach without a priori (2D-
DIGE electrophoresis) on plasma obtained from patients after a
first anterior MI, we identified CLU to be increased in plasma of
patients who developed a higher grade of adverse cardiac remodel-
ling one year after MI compared to patients who had moderate ad-
verse post-MI cardiac remodelling. In addition, we quantified the
circulating levels of CLU in patients with chronic HF using quan-
titative mass spectrometry and ELISA and observed an increase
in its levels in the plasma of HF patients who died of cardiovas-
cular causes during a 3-year follow-up compared with survivors
[16]. CLU expression is also increased in the left ventricle (LV) of
ischaemic HF patients and rats with MI and is positively correlated
with pro-hypertrophic genes and cardiac remodelling parameters
such as LV weight and diameter. Furthermore, CLU expression
and secretion are induced in isoproterenol-treated cardiomyocytes
and seem to play a prohypertrophic role by regulating the ERX sig-
nalling pathway [15]. These data suggest that CLU is a potential
novel protein involved in cardiac remodelling and HF after cardiac
insults, and its expression predicts the risk of HF development.

The aim of this study was to investigate whether CLU could be a
biomarker for cardiac remodelling and dysfunction in response
to pressure overload. To this end, CLU expression was quanti-
fied in the LV and plasma of mice subjected to transverse aortic
constriction (TAC) for 6-8weeks and correlated with echocar-
diographic parameters as well as with the expression of genes
involved in hypertrophy and fibrosis, two major mechanisms
observed during chronic pressure overload of the heart.

2 | Materials and Methods
2.1 | Animals

The experimental protocol was approved by the regional Ethics
Committee for Laboratory Animal Experiments at the Medical
University of Vienna and the Austrian Ministry of Science
Research and Economy (BMWFW-66.009/0205-WF/V3b/2015),
conforming with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NTH
Publication No. 85-23, revised 1996).

2.2 | Pressure Overload Induced Left Ventricular
Hypertrophy Model

TAC surgery was performed in 10-12week old male and female
mice (C57Bl16/J, Charles River) for 6-8 weeks. Mice were an-
aesthetised by injection of medetomidine, midazolam, fentanyl
and ketamine (MMFK). After intubation, mechanical venti-
lation was ensured with a respiratory rate of 150 per minute.
Additionally, 1%-1.5% isoflurane was used to ensure sufficient
anaesthesia depth throughout the whole procedure. The mice
were placed in a supine position on a heating plate, and their
extremities were fixed. To prevent dehydration of the eyes, oint-
ment was applied. The surgery was performed under constant
ECG surveillance as well as monitoring of respiratory rate and

body temperature. The chest was opened via a median sternot-
omy starting cranially until the second rib. The thymus was dis-
sected to provide access to the aortic arch. The ascending aorta
was visualised and cleared from perivascular fat tissue, and
then a 6-0 silk suture was pulled under the ascending aorta and
between the innominate artery and left common carotid artery.
A spacer (27G needle) was placed below the suture to avoid com-
plete occlusion of the aorta. The chest was closed using a 6-0
Polysorb suture, and the skin was closed using a 4-0 Polysorb
suture. Postoperatively, MMFK was antagonised by s.c. injec-
tion of atipamezole and flumazenil. To support post-op recov-
ery, all animals received a single s.c. injection of 5% glucose
solution. Mice were extubated when spontaneous respiration
was detectable. For additional post-op analgesia, mice received
a single i.p. injection of buprenorphine. Additionally, mice re-
ceived piritramide through the drinking water ad libitum for
the first three days post OP.

Transthoracic echocardiography was performed using a Vevo
2100 and 3100 imaging system (Visualsonics) with a 55-MHz
transducer as described previously [17]. The mice were anaes-
thetised with 1%-1.5% isoflurane. Body temperature and ECG
were continuously monitored throughout the measurement
via limb electrodes and rectal probes, respectively. Parasternal
long-axis and short-axis views were obtained, which were an-
alysed to assess the LV dimension and function. The obtained
ultrasound images and videos were analysed by Vevo LAB soft-
ware, where a mean of 3 cardiac cycles in each view was used
for each parameter.

2.3 | RNA Extraction and Quantitative Real
Time-Polymerase Chain Reaction (qRT-PCR)

RNAs were extracted from cardiac tissue with TRI Reagent
(Ambion) as described by the manufacturer's instructions. RNAs
were quantified using a NanoVue spectrophotometer and then
retrotranscribed using the miScript II RT kit (QTAGEN). Indeed,
500ng of RNA were mixed with 2L of reverse transcriptase
enzyme, 2uL of ANTP mix (10x), 4uL of HiFlex buffer (5x)
and sufficient DNAse/RNAse- free water for a total volume of
20uL. Mixes were then incubated for 1h at 37°C on the Biometra
Gradient Thermal Cycler, followed by 5min at 95°C. The cDNAs
were then amplified with miScript SYBR Green PCR (QIAGEN)
on an Aria Mx Q-PCR system (Agilent Technologies). Indeed,
2.5uL of diluted cDNA (1/20 or 1/40) was added to 12.5uL of
Sybergreen buffer, 2.5 uL of forward and reverse primers (10 uM)
and 7.5uL of RNAase/DNAase-free water and amplified ac-
cording to the following program: Step 1: 95°C/15min, Step 2:
94°C/15s, Step 3: primer melting temperature/30s, and Step
4: 70°C/30s. Steps 2—4 were repeated 40 times. The sequences
and the melting temperature (MT) of the different primers
(Eurogentec) used were detailed in Table S1. The AACT method
was used for data analysis.

2.4 | Protein Extraction and Western Blot Analysis
(WB)

Protein extracts were collected by Dounce-Potter homo-
genisation on ice-cold RIPA buffer (50 mmol/L Tris pH7.4,
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150mmol/L NaCl, 1% Igepal (Sigma, CA-630), 50 mmol/L so-
dium deoxycholate, and 0.1% SDS) containing anti-proteases
(Roche, 11836145001/1 tablet for 50mL of buffer), 1 mmol/L
sodium orthovanadate (Sigma, S6508) and 1% protein phos-
phatase inhibitors cocktail 2 and 3 (Sigma, P5726 and P0044).
All extracts were then incubated for one hour at 4°C and then
centrifuged at 6,700g, 4°C, for 10 min to remove cellular debris.
Protein concentrations were determined with a Bradford-based
protein assay (Bio-Rad, 500-0006) according to the manufactur-
er's instructions. Ten ug of LV proteins and 1L of 1/10 diluted
plasma were separated on 10% SDS-PAGE and transferred on
0.22 um nitrocellulose membranes (Trans-Blot Turbo Transfert
Pack, Bio-Rad). The membranes were blocked with 5% non-fat
dry milk in TBS-Tween 0.1% buffer for 1h at room temperature
and then were incubated with primary antibodies at 4°C with
gentle shaking overnight in the blocking solution. The primary
antibodies used were clusterin (1/2500 for LV and 1/20,000 for
plasma; GeneTex, GTX88520) and GAPDH (1/20,000, GeneTex,
GTX 100118). The membranes were then washed three times
for 10min with TBS-Tween 0.1% buffer and incubated with
the corresponding horseradish peroxidase-labelled secondary
antibody for 1h in the blocking solution. The secondary an-
tibodies used were anti-goat IgG (1/5000 for LV and 1/40,000
for plasma; Santa Cruz Biotechnology, sc-2354) and anti-rabbit
1gG (1/10,000; Jackson Immuno Research, 111-035-003). After
three washes with TBS-Tween 0.1% buffer, the membranes were
incubated with enhanced chemiluminescence (ECL) western
blotting detection reagents (Bio-Rad) according to the manufac-
turer's instructions. The Chemidoc camera (Bio-Rad) was then
used for imaging the membranes, and densitometric measure-
ments of the bands were analysed with the Image Lab software
(Bio-Rad).

2.5 | Statistical Analysis

Data are expressed as individual values and means + SEM and
analysed with GraphPad software version 7.0 (GraphPad, San
Diego, CA, USA). Comparisons were made by the Wilcoxon-
Mann-Whitney test (2 groups) and by the Anova or Kruskal-
Wallis test (4 groups, depending on the test of normality).
Correlations were carried out by the Spearman correlation test.
Results were considered statistically significant if the p <0.05.

3 | Results

3.1 | CLU Expression Is Induced in Heart
After TAC

We used a TAC mouse model to study the effect of pressure over-
load on CLU expression in the heart. TAC for 6-8 weeks induced
cardiac remodelling and dysfunction in most animals (78% and
64% of TAC animals, respectively), as observed by a significant
increase in heart weight/body weight (HW/BW) ratio, left ven-
tricular end-diastolic (LVEDD) and systolic (LVESD) diameters,
and a significant decrease in left ventricular ejection fraction (EF)
in the TAC group compared with the sham group (Figure 1A).
In this model, we demonstrated a significant increase in Clu
mRNA (Figure 1B) levels and its mature protein form (m-CLU)
(Figure 1C) in the LV of TAC mice compared to sham mice.

3.2 | Cardiac CLU Levels Are Positively Correlated
to TAC Induced- Cardiac Hypertrophy

To better understand the relationship between CLU expression
and cardiac remodelling and dysfunction, we first examined
the correlation between intraventricular CLU expression and
cardiac hypertrophy. Cardiac hypertrophy and stretch markers
were also assessed by quantifying the expression of Anp (atrial
natriuretic peptide), Bnp (brain natriuretic peptide), a- and (-
Mhc (alpha and beta myosin heavy chain) by qPCR. In addition
to the increase in HW/BW ratio (Figure 1A), we observed that
Anp, Bnp, and -Mhc mRNA levels and the ratio 5-Mhc/a-Mhc
were significantly increased (Figure 2), but a-Mhc mRNA lev-
els were significantly decreased in the TAC mouse group com-
pared to the sham group (Figure S1A). Clu mRNA levels were
positively correlated with Anp, Bnp, and $-Mhc mRNA levels
(Figure 2B) without any correlation with a-Mhc mRNA levels
(Figure S1B). Furthermore, m-CLU levels were positively cor-
related with the HW/BW ratio as a marker of LV hypertrophy
(Figure 2B). These correlations were still significantly observed
in TAC mice after exclusion of sham mice (Figure S1C). These
results showed that CLU was positively correlated with cardiac
hypertrophy and could be used as an indicator of excessive hy-
pertrophy induced by pressure overload.

3.3 | Cardiac CLU Levels Are Positively Correlated
to TAC- Induced Cardiac Fibrosis

Cardiac fibrosis was evaluated in our model by quantifying the
expression of the pro-fibrotic genes Tgf-§ (transforming growth
factor-beta), Col I (collagen type I), and a-Sma (alpha-smooth
muscle actin) by qPCR. CILP (cartilage intermediate layer pro-
tein-1), a novel marker of cardiac fibrosis, was also measured. We
observed a significant increase in Tgf-8, Col I and Cilp mRNA
levels without any modulation of a-Sma expression in the TAC
group compared to the sham group (Figure 3A). Interestingly,
Clu mRNA levels were positively correlated with those of Tgf,
Col I and Cilp (Figure 3B). This correlation is still significantly
observed in TAC mice after exclusion of the sham mice group
(Figure S2). All these results suggest that CLU may be an indica-
tor of cardiac fibrosis, induced by pressure overload.

3.4 | Increased Cardiac CLU Levels Are
an Indicator of Severe Cardiac Remodelling
and Dysfunction

We first correlated intraventricular CLU levels with heart weight
and echocardiographic parameters and found that m-CLU levels
were positively correlated with HW/BW, LVEDD, and LVESD,
but negatively correlated with EF (Figure 4A).

We then excluded the TAC mice that did not show cardiac re-
modelling (mice with a HW/BW ratio similar to the sham mice)
and compared the expression of CLU in sham mice and the 3
groups of TAC animals selected based on HW/BW ratio and EF
(Figure 4B): G1: TAC mice with moderate cardiac remodelling
and preserved EF (40% increase in HW/BW; EF >40%); G2: TAC
mice with moderate cardiac remodelling and altered EF (50%
increase in HW/BW; EF =25%); and G3: TAC mice with severe
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FIGURE1 | CLU expression is induced in the heart after transverse aortic constriction (TAC). (A) Animal characteristics after 6-8 weeks of TAC
were quantified for heart weight/body weight (HW/BW) ratio, left ventricle end diastolic diameter (LVEDD), left ventricle end systolic diameter
(LVESD), and ejection fraction (EF) in sham (n=7) and TAC mice (n = 14). (B) Quantification of Clu mRNA level by qPCR in the left ventricle of sham
and TAC mice. Hprt was used for normalisation. (C) Representative image and quantification of CLU mature protein form (m-CLU) by western blot

in the same samples. GAPDH was used for normalisation. Statistical significance was determined by the Wilcoxon-Mann-Whitney test. *p <0.05,

**p <0.01, and ***p <0.001.

cardiac remodelling and altered EF (2-fold increase in HW/BW;
EF <20%). We observed that Clu mRNA and m-CLU levels were
significantly increased in TAC mice with severe cardiac remod-
elling and dysfunction (G3) compared to the sham and TAC G1
mice (Figure 4C).

In parallel, we quantified CLU in the plasma of sham and TAC
mice in order to investigate the role of the circulating form of

CLU (s-CLU) as a potential biomarker for TAC-induced cardiac
remodelling and dysfunction. In contrast to Clu mRNA and m-
CLU, no significant difference was observed in the TAC mice
group compared to the sham mice group as well as after sep-
aration of the 3 TAC groups. Furthermore, no correlation was
observed between s-CLU and HW/BW and EF (Figure S3B).
These results suggest that CLU expression is induced in the
LV of TAC mice during adverse cardiac remodelling. However,
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FIGURE 2 | Cardiac CLU levels are positively correlated to cardiac hypertrophy induced by transverse aortic constriction. (A) Quantification
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Wilcoxon-Mann Whitney test. **p <0.01, and ***p <0.001. (B) Correlation between intraventricular Clu mRNA levels and those of Anp, Bnp, and

B/a-Mhec. Correlations were carried out by the Spearman correlation test. Results were considered statistically significant if the p <0.05.

plasma CLU levels could not be used as biomarkers of TAC-
induced cardiac remodelling and dysfunction.

To investigate the effect of sex on CLU expression after TAC,
we analysed a small number of female mice (4 sham and
4 TAC). As shown in Figure S4A, the phenotype of female
TAC mice was similar to the male TAC G1 mice (Figure 4B)
based on HW/BW (44% increased) and EF (25% decreased but
EF > 40). Interestingly, no difference in CLU mRNA, m-CLU,
or s-CLU was observed in the TAC female mice compared
to the sham (Figure S4B,C), suggesting that CLU regulation
during moderate compensated cardiac remodelling after TAC
is gender-independent.

4 | Discussion

The aim of this study was to investigate whether CLU could
be regulated in heart and plasma in response to pressure over-
load by using a TAC mice model. TAC initially leads to com-
pensated cardiac hypertrophy, which is often associated with
a transient improvement in cardiac contractility. Over time,
the response to chronic haemodynamic overload becomes
maladaptive, leading to cardiac dilatation and eventually HF
[18]. We observed for the first time an increase of CLU expres-
sion in the LV of the TAC mice, a positive correlation of CLU
with cardiac hypertrophy, suggesting that the cardiac levels of
CLU could be used as an indicator of excessive hypertrophy
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qPCR of mRNA levels of genes involved in fibrosis regulation in sham (n=7) and TAC (n=14) mice: Tgf-§ (transforming growth factor-beta), Col I
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mRNA levels and those of Tgf-3, Col I and Cilp. Correlations were carried out by the Spearman correlation test. Results were considered statistically

significant if the p <0.05.

induced by pressure overload. This result is consistent with
our previous data showing that CLU expression and secretion
are increased by isoproterenol-treated cardiomyocytes and
play a pro-hypertrophic role [15]. To better understand the re-
lationship between CLU expression and cardiac remodelling

and dysfunction, we compared the expression of CLU in 3
groups of animals based on the severity of TAC. We showed
that CLU is not modulated in LV of mice with moderate TAC
(compensated hypertrophy). Our result is consistent with a
previous study showing that TAC for only 2weeks in male
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test. *p<0.05, **p<0.01.

mice induced cardiac hypertrophy without HF without in-
creased CLU levels in the LV [12]. We also confirmed this
result in female mice, showing that CLU regulation in the
heart during compensated hypertrophy after TAC is gender-
independent. Interestingly, we demonstrated for the first time

that CLU expression is induced in the LV of TAC mice with se-
vere cardiac remodelling and dysfunction characterised by an
excessive alteration of EF with increased LVEDD and LVESD.
This result showed that CLU is increased during the maladap-
tive response leading to dilated cardiomyopathy, a phenotype
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also observed in response to myocardial infarction. In par-
allel, it was shown that CLU expression is increased in the
right ventricle of animals with severe pulmonary artery con-
striction [19]. All these results showed that CLU is increased
in LV and RV during severe decompensatory hypertrophy in
response to pressure overload.

The transition from compensatory to decompensatory hyper-
trophy is characterised by loss of cardiomyocytes and fibrosis
[3, 20]. Several studies showed the protective role of CLU in car-
diomyocytes by decreasing apoptosis induced by different stim-
uli such as oxidative stress and inhibition of protein degradation
systems activities [21, 22]. The mechanisms observed during
cardiac remodelling and HF post-injury or pressure overload
suggest that CLU may have a protective effect in these models
by decreasing the mortality of cardiomyocytes.

Cardiac fibrosis is a pathological process observed during TAC-
induced cardiac remodelling [3, 20]. It is characterised by an
excessive deposition of collagen fibres in the heart, leading to
myocardial stiffness, impaired cardiac contractility and HF
[23]. Several studies showed that CLU could attenuate renal,
hepatic and pulmonary fibrosis [24-28]. However, there was
no data on the role of CLU in cardiac fibrosis. In this study we
showed a positive correlation between CLU and fibrotic mark-
ers suggesting that CLU may be an indicator of cardiac fibrosis,
induced by pressure overload. This result is not necessarily in
contradiction with previous studies showing an anti-fibrotic
effect of CLU. Indeed, we observed that CLU is positively cor-
related with CILP, a novel marker of cardiac fibrosis that is up-
regulated in TAC mice and plays an anti-fibrotic role [29-31]. As
CILP [30, 32], CLU may be secreted by hypertrophied cardiomy-
ocytes and/or activated fibroblasts for inhibiting cardiac fibro-
sis. Further studies are needed to investigate the role of CLU in
this particular process.

Conversely, in the case of intraventricular CLU levels, no change
in plasma CLU levels was observed in all groups of TAC mice,
showing that plasma CLU levels could not be used as biomarkers
of TAC-induced cardiac remodelling and dysfunction. It should
be noted that CLU is ubiquitously expressed, and its plasma
level reflects its secretion by all organs, with the liver account-
ing for the majority [33]. In our previous study, we have shown
that CLU expression is induced in the heart of MI- rats without
any difference in their plasma CLU levels [15]. However, plasma
CLU levels are increased and positively correlated with cardiac
remodelling in patients after MI. Further studies are needed to
investigate the role of the circulating form of CLU in cardiac re-
modelling and dysfunction induced by pressure overload.

In conclusion, we have shown for the first time that CLU expres-
sion is induced in the LV due to chronic pressure overload in mice
and that its level can be used as an indicator of severe cardiac
remodelling and contractile dysfunction. As CLU is a ubiquitous
protein, it will be important to investigate if CLU is regulated in
cardiomyocytes and/or cardiac fibroblasts under stretch condi-
tions to better understand the mechanisms involved in its regula-
tion and whether CLU protects against cardiac hypertrophy and
fibrosis or whether it is involved in these processes.
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