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HSP75 Protects Against Cardiac Hypertrophy and Fibrosis
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ABSTRACT

Cardiac hypertrophy, a major determinant of heart failure, is associated with heat shock proteins (HSPs). HSP75 has been reported to protect
against environmental stresses; however, its roles in cardiac hypertrophy remain unclear. Here, we generated cardiac-specific inducible
HSP75 transgenic mice (TG) and cardiac hypertrophy was developed at 4 weeks after aortic banding in TG mice and wild-type littermates. The
results revealed that overexpression of HSP75 prevented cardiac hypertrophy and fibrosis as assessed by heart weight/body weight ratio, heart
weight/tibia length ratio, echocardiographic and hemodynamic parameters, cardiomyocyte width, left ventricular collagen volume, and gene
expression of hypertrophic markers. Further studies showed that overexpression of HSP75 inhibited the activation of TAK/P38, JNK, and AKT
signaling pathways. Thus, HSP75 likely reduces the hypertrophy and fibrosis induced by pressure overload through blocking TAK/P38, JNK,

and AKT signaling pathways. J. Cell. Biochem. 112: 1787-1794, 2011.

KEY WORDS: Hsp75; HYPERTROPHY; FIBROSIS; TAK; JNK1/2; AKT

C ardiac hypertrophy is a common response of the heart to a
variety of pathological stimuli, such as hypertension,
ischemia, pressure overload, and sarcomeric gene mutation, and
it is frequently characterized by myocyte hypertrophy, disarray, and
interstitial fibrosis [Ho et al., 2010; Jefferies and Towbin, 2010].
Although pathological hypertrophy of the myocardium is tempora-
rily compensatory, prolonged hypertrophy may result in ventricular
arrhythmias, heart failure, and subsequent cardiovascular mortality
[Lakdawala and Givertz, 2010]. Therefore, it is very important to
elucidate the underlying mechanism of cardiac hypertrophy. A
growing body of evidence indicates that heat shock proteins (HSPs)
are involved in cardiac hypertrophy [Hayashi et al., 2006; Willis and
Patterson, 2010]. HSPs are a family of proteins that become active
following increases in temperature and other environmental
stresses, and they are well known to play roles in signal
transduction, protein folding, translocation, degradation, and the
assembly of intracellular proteins, which may protect against
various environmental challenges [Richter et al., 2010]. The
activities of several members of the HSP family, such as HSP56,
HSP70, HSP 90, and HSP20, have been shown to be induced by
hypertrophic stimuli and regulate cardiac hypertrophy via different
mechanisms [Fan et al., 2006; Ruiz-Hurtado et al., 2007; Kee et al.,
2008; Cai et al., 2010]. For example, the cardioprotective effect of
the anti-HSP70 antibody was indicated by attenuating pro-
hypertrophy signal the mitogen-activated protein kinases (MAPK)
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P38 and ERK [Cai et al., 2010]. Cardiac hypertrophy and fibrosis are
dependent on many signaling pathways. These important signaling
pathways include the MAPK pathway and the phosphatidylinositol
3-kinase (PI3K)/Akt pathway which directly modify transcriptional
regulatory factors promoting alterations in cardiac gene expression
and result in cardiac hypertrophy and fibrosis [Heineke and
Molkentin, 2006]. So a better understanding of the roles of HSPs and
their mechanisms in cardiac hypertrophy may lead to novel
strategies for suppressing cardiac hypertrophy and preventing the
transition to heart failure.

HSP75, which is also called tumor necrosis factor-associated
protein 1 (TRAP-1), is a mitochondrially localized member of the
HSP90 family. HSP75 is induced by various environmental stresses,
such as glucose deprivation, oxidative injury, and ultraviolet A
irradiation, and acts as a mitochondrial chaperone involved in
maintaining mitochondrial function and regulating cell apoptosis
[Hua et al., 2007; Pridgeon et al., 2007; Voloboueva et al., 2008;
Landriscina et al., 2010]. The overexpression of HSP75 has been
shown to protect against mitochondrial dysfunction, oxidative
stress, and ischemic injury-induced apoptosis in brain cells and
cardiac myocytes [Voloboueva et al., 2008; Xu et al., 2009];
however, the effects of HSP75 on cardiac hypertrophy and the
related signaling mechanisms therein still remain unclear. In
the present study, we used HSP75-transgenic mice to investigate the
role of HSP75 in pressure overload-induced cardiac hypertrophy
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and its related molecular mechanisms. We show, for the first time,
that HSP75 functions as a novel anti-hypertrophic regulator by
blocking the TAK/P38, JNK, and AKT pathways.

CARDIAC-SPECIFIC HSP75 TRANSGENIC MICE

All of the protocols used in this study were approved by the Animal
Care and Use Committee of Renmin Hospital, Wuhan University. A
human HSP75 c¢DNA construct that contained full-length human
HSP75 cDNA was cloned downstream of the human cardiac a-
myosin heavy chain (a-MHC) promoter. Transgenic mice were
produced by microinjecting the «-MHC-HSP75 construct into
fertilized mouse embryos (C57 background). Four independent
transgenic lines were established and studied. Transgenic mice were
identified by PCR analysis of tail genomic DNA. The primers were as
follows: 5-TGCGAGATGTGGTAACG AAG-3’ and 5-GCATGAA-
CAGGCCGTAATCT-3'. The expected PCR band size was 537 bp in
length. The expression levels were analyzed as pairs of a-MHC-
HSP75 (TG) and littermate nontransgenic wild-type (WT) male mice
ranging in age from 7 to 8 weeks.

ANIMAL MODELS, ECHOCARDIOGRAPHY, AND HEMODYNAMIC
MEASUREMENTS

Aortic banding (AB) was performed as described previously [Bian
et al., 2010; Li et al., 2010]. Sham-operated mice underwent the
same procedure without constriction. Four weeks after the AB
operation, echocardiography was performed in order to test the
morphology and function of the mice using Mylab30CV (ESAOTE).
The left ventricular (LV) situations was assessed in parasternal short-
axis views at a frame rate of 50 Hz. End-systole and end-diastole
phases were defined as the phases with the smallest and largest LV
areas, respectively. Left ventricular end-systolic diameter (LVESD)
and left ventricular end-diastolic diameter (LVEDD) were measured
from the M-mode tracing with a sweep speed of 10 mm/s at the mid-
papillary muscle level. The LVED dimension (LVEDD) and LVES
dimension (LVESD) were measured using M-mode tracing with a
sweep speed of 10 mm/s at the papillary muscle level. Blood pressure
was recorded via a microtip catheter transducer (SPR-839, Millar
Instruments) that was inserted into the right carotid artery and
advanced into the left ventricle for hemodynamic measurements.
The hearts and lungs of the sacrificed mice were dissected and
weighed to compare the heart weight/body weight (HW/BW, mg/g),
lung weight/body weight (LW/BW, mg/g), and heart weight/tibia
length (HW/TL, mg/cm) ratios.

HISTOLOGICAL ANALYSIS

The hearts were washed with 10% potassium chloride, placed in 10%
formalin, transversely cut close to the apex in order to visualize the
left and right ventricles, and paraffin-embedded. Several sections of
heart (5 wm thick) were prepared and stained with hematoxylin and
eosin (HE) for histopathological analysis or picrosirius red (PSR) for
collagen deposition analysis and then visualized by light micro-
scopy. To measure the myocyte cross-sectional areas (CSA), the
sections were stained with HE. A single myocyte was measured using
an image-based quantitative digital analysis system (Image Pro-

Plus, version 6.0). The outlines of 100-200 myocytes were traced in
each group.

WESTERN BLOTTING AND QUANTITATIVE REAL-TIME PCR

For Western blotting analysis, the cardiac tissues were lysed via a
RIPA lysis buffer. A BCA protein assay kit (Themo, 23227) was used
to measure protein concentration by ELISA (Synergy HT, Bio-tek).
Fifty micrograms of the tissue lysate were separated on 4-129% Bis-
Tris NuPage gels (Invitrogen, NP0321B0X), and the proteins were
then transferred onto Immobilon-FL transfer membranes (Millipore,
IPFL00010). The primary antibodies were: p-AKT (Cell Signaling
Technology, 4060L), T-AKT (Cell Signaling Technology, 4691L), p-
ERK (Cell Signaling Technology, 4370L), T-ERK (Cell Signaling
Technology, 4695), p-P38 (Cell Signaling Technology, 4511L),
T-P38 (Cell Signaling Technology, 9212L), p-JNK (Cell Signaling
Technology, 4668S), T-JNK (Cell Signaling Technology, 9258), p-
TAK (Cell Signaling Technology, 9339), T-TAK (Cell Signaling
Technology, 4505), HSP75 (Abcam, human: ab3287, mouse:
ab2799), and GAPDH (Bioworld, MB0OO1). The secondary antibodies
were either goat anti-rabbit (LI-COR, 926-32211) or mouse (LI-COR,
926-32210) immunoglobulin G (IgG). The protein bands were
detected using a two-color infrared imaging system (Odyssey, Li-
COR). The specific protein expression levels were normalized to the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein in
order to evaluate the total cell lysate and cytosolic proteins.

For quantitative real-time PCR, the total RNAs were extracted
from frozen mouse tissues using TRIzol (Invitrogen, 15596-026),
and their yields and purities were spectrophotometrically estimated
using the A260/A280 and A230/260 ratios via a SmartSpec Plus
Spectrophotometer (Bio-Rad). The RNA (2 wg) was reverse-tran-
scribed into cDNA using oligo (dT18) primers using the Transcriptor
First Strand cDNA Synthesis Kit (Roche, 04896866001). We
quantified the PCR amplifications using a LightCycler 480 SYBR
Green 1 Master Mix (Roche, 04707516001) and the following
primers were used: mouse ANP 5'-ACCTGCTAGACCACCTGGAG-3’
(forward) and 5-CCTTGGCTGTTATCTTCGGTAC CGG-3’ (reverse);
mouse MYH6 5-AGCTGACAGGGGCCATCAT-3’ (forward) and 5'-
ACATACTCGTTCCCCACCTTC-3’ (reverse); mouse MYH7 5'-TTCAT-
CCGAATCCATTTT GGGG-3' (forward) and 5'-GCATAATCGTAGGG-
GTTGTTGG-3' (reverse); mouse TGF-B 5-TCGACATGGATCAGTT-
TATGCG-3'(forward) and 5-CCCTGGTACTGTTGTAGATGG A-
3'(reverse); mouse CTGF 5'-TGACCCCTGCGACCCACA-3’ (forward)
and 5-TACACC GACCCACCGAAGA CACAG-3' (reverse); mouse
Collagen I 5'-AGGCTTCAGTGGTTIT GGATG-3' (forward) and 5'-
CACCAACAGCACCATCGTTA-3' (reverse); mouse Collagen III 5'-
CCCAACCCAGAGATCCCATT-3'(forward) and 5-GAAGCACAG-
GAGCAGGTGTA GA-3’ (reverse). Those programs were performed,
recorded, and analyzed by using the LightCycler 480 (Roche). The
results were normalized against GAPDH gene expression.

STATISTICAL ANALYSIS

Data were expressed as means + SEM. Differences among groups
were tested by one-way ANOVA followed by post hoc LSD test or
Tamhane’s T2 test. P<0.05 was considered to be significantly
different.
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HSP75 EXPRESSION IN A PRESSURE OVERLOAD-INDUCED
HYPERTROPHY MODEL AND CHARACTERIZATION OF CARDIAC-
SPECIFIC HSP75-TRANSGENIC MICE

Although HSP75 expression is low in normal mice, we found that
HSP75 levels in the murine heart were gradually elevated from 1 day
to 4 weeks after the AB operation; however, HSP75 expression was
markedly decreased 8 weeks after the AB operation (Fig. 1A). Thus,
HSP75 expression is regulated during pressure overload-induced
left ventricular remodeling.

To examine the functional consequences of increased HSP75
expression in the heart, we established four independent cardiac-
specific TG strains that has a origin of human HSP75 mRNA.
Western blotting analysis was used to compare the increased levels
of HSP75 protein expression in TG hearts across the different
founder lines. The levels of transgene expression varied across the
different founders, as shown in Figure 1B. One of the TG lines (TG3)
had the highest expression level of the transgene transcript in the
heart, and TG1 had a moderate level of transgene expression in the
heart; however, the other two TG lineages (TG2 and TG4) exhibited
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Fig. 1. The expression of HSP75 in a pressure overload-induced hypertrophy
model and the characterization of cardiac-specific HSP75 transgenic mice. A:
HSP75 expression after AB. Representative protein levels of murine HSP75 in
WT heart tissues after AB at time points indicated by Western blot analysis. B:
Human HSP75 protein in the heart tissues from four lines of both TG and WT
mice. C: Characterization of human HSP75-TG mice. HSP75 protein expression
in different tissues. D: Representative protein levels of murine and human
HSP75 in TG heart tissues after AB at time points indicated by Western blot
analysis.

low levels of transgene expression in the heart in comparison to
those in the WT hearts (Fig. 1B).

Because the transgene in HSP75-TG mice has a human mRNA 75
origin, we selected a transgenic mouse line (TG3) and used Western
blotting to analyze HSP75 protein levels in various tissues using a
primary antibody specific to the human HSP75 sequence. Thus, we
were able to distinguish the HSP75 transgene from endogenous
mouse HSP75. The results indicate that HSP75 overexpression was
restricted to the heart and was not detectable in other tissues, such as
brain, lung, muscle, spleen, liver, and kidney (Fig. 1C). And we found
that murine HSP75 levels in the TG murine heart were also gradually
elevated from 1 day to 4 weeks after the AB operation; however,
human HSP75 expression maintained the same levels after the AB
operation (Fig. 1D).

OVEREXPRESSION OF HSP75 AMELIORATES AB-INDUCED CARDIAC
HYPERTROPHY

To investigate the effect of elevated cardiac HSP75 expression on the
development of cardiac hypertrophy, HSP75-TG mice and WT mice
were subjected to either chronic AB-induced pressure overload or
sham surgery (as a control procedure). After 4 weeks, cardiac
hypertrophy and function were assessed by echocardiographic
analyses and pressure-volume (PV) loop analysis, including
fractional shortening (FS), LVEDD, LVESD, interventricular septal
dimension (IVSD), left ventriculus posterior wall dimension
(LVPWD), ejection fraction (EF), systolic blood pressure (SBP), dp/
dt max, and dp/dt min, in all of the mice of all four groups. No
significant changes were observed between the sham-operated
HSP75-TG and WT mice; however, the results indicate that the WT
mice subjected to AB exhibited pathological hypertrophy and
cardiac dysfunction, unlike the WT sham mice. Furthermore, the
HSP75-TG mice that were subjected to AB exhibited fewer
indications of cardiac dysfunction (including increases in FS, EF,
dp/dt max, and dp/dt min and decreases in LVEDD, LVESD, IVSD,
and LVPWD) than the WT mice that were subjected to AB (Fig. 2A,B).
Therefore, the overexpression of HSP75 was able to prevent
ventricular dysfunction by reversing hypertrophic remodeling.

As expected, all WT mice subjected to AB exhibited the classical
increases in HW and size in comparison to the sham control group at
4 weeks postoperation. In contrast, the inhibitory effect of HSP75
overexpression on cardiac hypertrophy in hearts subjected to AB
was confirmed by the direct observation of the gross morphology of
the heart. No significant changes were observed in the sham-
operated TG or WT mice (Fig. 2C,D). The augmentation in cardiac
myocyte size observed after HE staining in the TG mice was also
markedly attenuated in comparison to that in WT mice 4 weeks
postoperation. The TG mice that had been subjected to AB exhibited
an intriguing diminution in cardiac hypertrophy, as measured by the
HW/BW, LW/BW, and HW/TL ratios (Fig. 2D) and the cardiomyocyte
CSA (Fig. 3E).

To investigate whether the overexpression of HSP75 affected the
mRNA expression levels of cardiac hypertrophy markers, real-time
PCR was performed to analyze atrial natriuretic peptide (ANP),
Myh6, and Myh7. In comparison to WT mice, the overexpression of
HSP75 attenuated the pressure overload-induced changes in the
expression of hypertrophic markers ANP, Myh7, and the induction
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The overexpression of HSP75 inhibits cardiac hypertrophy. The results of echocardiography (A) and PV (B) experiments on sham- and AB-treated mice 4 weeks after

surgery (n = 12 mice per group). The whole hearts (C, top) and HE staining (C, bottom) of sham- and AB-treated mice 4 weeks after surgery. The statistical results of the HW/BW,
LW/BW, and HW/TL ratios (D), and myocyte cross-sectional areas (E) 4 weeks after surgery (n = 8 mice per group). (F) The mRNA expression levels of ANP, MYH6, and MYH7
(n=4) by real-time PCR analysis. #P < 0.05 versus WT/sham. “P < 0.05 versus WT after AB.
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of hypertrophic markers Myh6 was increased in TG mice response to
AB compared to that in WT in Figure 2F; however, the sham-
operated TG mice exhibited no significant changes in the expression
levels of the ANP, Myh6, and Myh7 genes in comparison to the
control mice (Fig. 2F). These findings indicate that the over-
expression of HSP75 prevents the development of cardiac
hypertrophy.

OVEREXPRESSION OF HSP75 RESCUES AB-INDUCED CARDIAC
FIBROSIS

Mounting evidence has demonstrated that fibrosis is an important
pathophysiological feature of the development of cardiac hyper-
trophy. To explore whether the overexpression of HSP75 can
suppress the fibrotic response to cardiac hypertrophy, we
investigated the extent of interstitial fibrosis via PSR staining
and light microscopy. No significant difference in fibrosis was
observed between the WT and TG mice 4 weeks after the sham
operation. In contrast to normal hearts with little fibrotic tissue,
marked interstitial fibrosis was detected in the WT mice that were
subjected to AB; however, the augmentation of the left ventricular
collagen volume was remarkably attenuated in the TG mice that had
been subjected to AB (Fig. 3A,B).

To further elucidate the molecular mechanisms that underlie the
effect of HSP75 overexpression on collagen synthesis, the mRNA
expression levels of known mediators of fibrosis, including
connective tissue growth factor (CTGF, a key mediator of
extracellular matrix deposition), transforming growth factor
(TGF-B), and collagens I and III, were analyzed. Four weeks after
the sham operation, the expression levels of these mediators were

similar in the TG and WT mice, but their levels were almost threefold
greater in the WT mice that had been subjected to AB than in the
sham mice; however, all of these increases were blunted in the TG
mice that had been subjected to AB in comparison to the WT mice
that had been subjected to AB (Fig. 3C).

OVEREXPRESSION OF HSP75 REGULATES MAPK- AND AKT-
RELATED SIGNALING

To explore the molecular mechanisms through which the over-
expression of HSP75 impairs cardiac hypertrophy and fibrosis in
response to hypertrophic stimuli, we further assessed the effects of
HSP75 overexpression on related signaling pathways (e.g., the
MAPK pathways). Our data indicate that TAK, ERK1/2, JNK1/2, and
p38 were significantly phosphorylated in mice that had been
subjected to AB; however, the phosphorylations of TAK, JNK1/2,
and P38 were almost completely blocked in the TG mice after AB,
whereas ERK1/2 was not significantly affected. The dramatic
inhibitions of TAK, JNK1/2, and P38 activation in TG mice were
independent of the reduction in the total TAK, JNK1/2, and P38
protein levels, respectively (Fig. 4A,B). Collectively, these data
suggest that overexpression of HSP75 reduces the activation of TAK,
P38, and JNK1/2 signaling, although it has no effect on ERK1/2
activation in hearts that have been subjected to AB.

To further determine whether overexpression of HSP75 also
blocks the AKT pathway in response to hypertrophic stimuli, we
examined the phosphorylation of AKT. Our results reveal significant
AKT phosphorylation after AB in comparison to the sham group,
and such changes were inhibited in TG mice (Fig. 4A,B). Taken
together, our findings imply that the TAK/MAPK pathway and AKT
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signaling play important roles in HSP75 overexpression-mediated
inhibition of cardiac hypertrophy and fibrosis.

As a member of the highly conserved HSP family, which is involved
in various host defense mechanisms against environmental stresses
[Richter et al., 2010], HSP75 may also protect against the
pathological development of cardiovascular diseases; however, to

date, its function in cardiac hypertrophy remains unclear. In the
present study, we investigated the role of HSP75 in cardiac
hypertrophy using cardiac-specific, HSP75-overexpressing trans-
genic mice. HSP75 overexpression profoundly attenuated pressure
overload-induced cardiac hypertrophy and fibrosis. Further analyses
of the signaling events indicate that cardioprotection by HSP75 is
mediated by the interruption of TAK/P38, JNK, and AKT signaling.
To our knowledge, this is the first report to demonstrate a crucial
role for HSP75 in the regulation of cardiac hypertrophy and
fibrosis.
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HSP75, which is a member of the HSP90 family, localizes to
mitochondria and functions as a mitochondrial chaperone involved
in maintaining mitochondrial function and regulating cell apop-
tosis. There is increasing evidence for the involvement of HSP75 in
responses to various environmental stresses, including glucose
deprivation, oxidative injury, and ultraviolet A irradiation [Hua
et al., 2007; Pridgeon et al., 2007; Voloboueva et al., 2008; Xu et al.,
2009]. The capability of hypertrophic stress to induce HSP75
expression was tested for the first time in the present study. In
response to pressure overload, HSP75 expression increased during
adaptive hypertrophy and markedly decreased during maladaptive
cardiac remodeling, suggesting that HSP75 is involved in the
defense against hypertrophic stress. To further examine the potential
function of HSP75 in cardiac hypertrophy, we generated cardiac-
specific HSP75-transgenic mice. As predicted, HSP75-TG mice
exhibited a significant attenuation of hypertrophy 4 weeks after AB
in comparison to WT mice, as evidenced by cardiac mass and
function and histological and molecular analyses. Moreover, HSP75
blocks cardiac fibrosis and attenuates the pressure overload-induced
expression of several fibrotic mediators. Together, these findings
indicate that HSP75 plays a critical role in preventing cardiac
hypertrophy and fibrosis. Our results are consistent with previous
studies showing that other members of the HSP family, such as
HSP90, HSP70, HSP20, and aB-crystallin, suppress the cardiac
hypertrophy induced by angiotensin II, isoproterenol stimulation, or
pressure overload [Hayashi et al., 2006; Willis and Patterson, 2010].
These findings support the idea that the HSP family may be involved
in mechanisms that protect against pathological cardiac remodeling
and may be effective therapeutic candidates for cardiac hypertrophy
and heart failure.

The molecular mechanism by which HSP75 mediates its anti-
hypertrophic and anti-fibrotic effects remains largely unclear.
Mounting evidence has suggested that the MAPK and AKT signaling
pathways play important roles in cardiac hypertrophy and fibrosis
[Lorenz et al., 2009; Rose et al., 2010]. Therefore, the inhibitory
effects of HSP75 on cardiac remodeling were examined in the
context of MAPK and AKT signaling. Our results indicate that the
pressure overload-induced increases in the TAK, P38, JNK, and AKT
phosphorylation levels were almost completely blocked in HSP75-
TG hearts. The phosphorylation of ERK1/2 was not significantly
affected by HSP75 overexpression. Therefore, the blockade of TAK/
P38, JNK, and AKT signaling dictates the cardioprotective effects of
HSP75. In agreement with our findings, the development of cardiac
hypertrophy in Hsp70-KO mice results from the activation of the
JNK and p38-MAPK pathways [Kim et al., 2006]. Recent studies have
demonstrated that the overexpression of Hsp75 protects against
mitochondrial dysfunction, oxidative stress, and ischemic injury-
induced apoptosis in brain cells and cardiac myocytes. Given the
important pro-hypertrophic effects of oxidative stress and apoptosis
[Hua et al., 2007; Xu et al., 2009], we cannot exclude the possibility
that these mechanisms underlie the anti-hypertrophic role of HSP75.
Further experiments are needed to investigate this hypothesis.

In summary, our present work demonstrates, for the first time,
that HSP75 inhibits cardiac hypertrophy and fibrosis by blocking the
TAK/P38, JNK, and AKT signaling pathways. Our study provides
insight into the pathogenesis of cardiac hypertrophy and may have

significant implications for the development of novel strategies that
block cardiac remodeling and the progression to heart failure by
targeting HSP75.
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