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Abstract

Cardiac hypertrophy after myocardial infarction (Ml) is an independent risk factor
for heart failure. Regression of cardiac hypertrophy has emerged as a promising
strategy in the treatment of MI patients. Here, we have been suggested that heat-
shock transcription factor 1 (HSF1) is a novel repressor of ischaemia-induced cardiac
hypertrophy. Ligation of left anterior descending coronary was used to produce Ml
in HSF1-deficient heterozygote (KO), HSF1 transgenic (TG) mice and their wild-type
(WT) littermates, respectively. Neonatal rat cardiomyocytes (NRCMs) were treated
by hypoxia to mimic MI in vitro. The HSF1 phosphorylation was significantly
reduced in the infarct border zone of mouse left ventricles (LVs) 1 week after Ml
and in the hypoxia-treated NRCMs. HSF1 KO mice showed more significant mal-
adaptive cardiac hypertrophy and deteriorated cardiac dysfunction 1 week after Ml
compared to WT MI mice. Deficiency of HSF1 by siRNA transfection notably
increased the hypoxia-induced myocardial hypertrophy in NRCMs. Mechanistically,
Janus kinase 2 (JAK2) and its effector, signal transducer and activator of transcrip-
tion 3 (STAT3) were found to be significantly increased in the LV infarct border
zone of WT mice after Ml as well as the NRCMs treated by hypoxia. These alter-
ations were more significant in HSF1 KO mice and NRCMs transfected with HSF1
SiRNA. Inversely, HSF1 TG mice showed significantly ameliorated cardiac hypertro-
phy and heart failure 1 week after LAD ligation compared to their WT littermates.
Our data collectively demonstrated that HSF1 is critically involved in the pathologi-
cal cardiac hypertrophy after Ml via modulating JAK2/STAT3 signalling and may

constitute a potential therapeutic target for Ml patients.
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1 | INTRODUCTION

As a major cause of cardiovascular morbidity and mortality,
myocardial infarction (M) has drawn extensive attention for dec-
ades.! Post-MI cardiac hypertrophy is an independent risk factor of
sudden cardiac death and heart failure, which has emerged as a
promising target in the treatment of patients with MI1.2 The underly-
ing molecular mechanisms of cardiac hypertrophy have not fully elu-
cidated vyet; thus, effective strategies mitigating the cardiac
hypertrophy are still far from the attainment of clinical cure through-
out the last decades. Therefore, a better understanding of the
molecular mechanisms regulating the hypertrophy-related signalling
pathways is important for the development of new therapies to treat
pathological cardiac hypertrophy and heart failure after Ml.

Heat-shock transcription factor 1 (HSF1) is a transcription factor
of the heat-shock genes activated after temperature stress.> HSF1
exists in cytoplasm as an inactive monomer in a complex
with HSP40/HSP70 and HSP90.* Upon stress, phosphorylation of
HSF1 on Ser230 positively contributes to the transcriptional activity
of HSF1, which was trimerized after dissociating from the chaperone
complex.® It was demonstrated as a key factor involved in the adap-
tive mechanism of transition from adaptive cardiac hypertrophy to
maladaptive heart failure.® Our previous studies indicated that HSF1
functions as an essential intrinsic cardioprotective factor attributing
to decreases of pathological cardiac hypertrophy and myocardial
fibrosis against ischaemia injury and pressure overload.”® HSF1 inhi-
bits the pressure overload-induced cardiac hypertrophy and thus
maintains the cardiac function through the interaction with signal
transducer and activator of transcription 3 (STAT3).” STAT3,
together with its upstream regulator, Janus kinase 2 (JAK?2), has been
proved to play detrimental roles in the cardiac hypertrophy and the
transition to heart failure.”*° As increasing evidence illustrated that
HSF1 is a potential therapeutic target of cardiac hypertrophy, we
here have been suggested that by targeting JAK2/STAT3 signalling
pathway, HSF1 may open new pharmacological venues for treating
cardiac hypertrophy and heart failure after Ml to supplement current
drugs that target the sympathetic or renin-angiotensin systems.

In this study, using LAD ligation in HSF1 KO and TG mice,
together with hypoxic treatment in NRCMs infected with adenovirus
of HSF1 SiRNA, we uncovered that deficiency of HSF1 deteriorated
cardiac hypertrophy and cardiac dysfunction after Ml through
enhancing the activity of JAK2/STATS3 signalling. Whereas enhanced
HSF1 activation inhibited the cardiac hypertrophy after Ml in HSF1
TG mice. Our findings may provide an optional therapeutic strategy
to inhibit pathological cardiac remodelling and improve the cardiac
function after Ml.

2 | MATERIALS AND METHODS

2.1 | Isolation of neonatal rat cardiomyocytes

Primary cultures of neonatal rat cardiac myocytes were prepared as

described previously.®'! Briefly, 1- to 2-day-old Sprague Dawley
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rats were killed by swift decapitation and their hearts were immedi-
ately removed under aseptic conditions and placed in ice-cold ster-
ile PBS (calcium- and magnesium-free). Enzymatic and mechanical
dissociation of cardiomyocytes was then performed using the
Neonatal Cardiomyocyte Isolation System supplied by Worthington
Biochemicals (USA). The hearts were minced on ice and digested
15 minutes for 7-8 times with purified trypsin (10 pg/mL) in PBS
at 37°C with intermittent gentle swirling. Mild trituration was used
to dissociate the digested tissue mechanically, and single-cell sus-
pensions were obtained by filtering this digested material through
70 um sterile mesh filters. The cells were collected by low-speed
centrifugation (1500 rpm for 10 minutes at room temperature). The
supernatant was discarded and the cell pellet resuspended in
DMEM (high glucose) culture medium containing 10% FCS (Hyclone
Laboratories, USA). Dispersed cells were pre-plated for 90 minutes
to remove fibroblasts and other proliferation cells, and unattached
cells counted and seeded onto 6-well culture plates at a density of
1 x 10%/well. The media was changed every 48 hours beginning
the day after seeding. Bromodeoxyuridine (0.1 mmol/L) was added
to the culture media for the first 72 hours to minimize contamina-
tion from fibroblasts. Using this method, we routinely obtained pri-
mary cultures with >95% myocytes, as assessed by microscopic
observation of spontaneous contraction and by immunocytochemi-
cal staining with a monoclonal anticardiac a-myosin heavy-chain

antibody.

2.2 | Treatment of neonatal rat cardiomyocytes

We used replication-defective adenoviral vectors encompassing
the entire coding region of the HSF1 gene (shHSF1) under the
control of the cytomegalovirus promoter. A similar adenoviral vec-
tor encoding the green fluorescent protein (GFP) gene was used
as a control. To knock down HSF1 expression, shHSF1 was
commercially purchased from Santa Cruz Biotechnology, Inc. Next,
we generated 3 shHSF1 adenoviruses (AdshHSF1) and selected
the one that produced a significant decrease in HSF1 levels for
further experiments. AdshRNA was used as the non-targeting
control. We infected cells with AdshHSF1 and AdshRNA at a
MOI of 100, which resulted in transgene expression without toxic-
ity in 95%-100% of the cells. Seventy-two hours after siRNA
transfection, myocytes were further cultured under either nor-
moxic (37°C, 5% CO,) or hypoxic (37°C, 1.5% O,) condition for
24 hours.

2.3 | Immunofluorescent staining of
cardiomyocytes

Immunofluorescent staining for NRCMs was performed using
anti-o-MHC) primary antibody and 4/,6-Diamidino-2-Phenylindole,
Dihydrochloride (DAPI)
described previously.'?> Myocyte surface area from at least 100

staining for 30 minutes minutes as
cells per group in each experiment were analysed using the

Image) program.
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24 | Animal model

The generations of HSF1-deficient heterozygote (KO) mice and
HSF1 transgenic (TG) mice have been described previously.® HSF1
KO and TG mice and their respective wild-type littermates (WT)
(aged from 8 to 10 weeks) were used in this study. The mice were
subjected to the LAD coronary ligation or sham operation as
described previously.” Briefly, the mice were sedated with 2% isoflu-
rane inhalation. Then the mouse pre-cordial chest was incised
between the 3™ and 4" rib to expose the heart after intubation and
ventilation. 10/0 proline suture was passed under the LAD and
ligated doubly. Finally, the chest wall was closed. Sham operation
was performed by following the same procedure without LAD liga-
tion. All animal experimental protocols were approved by the Animal
Care and Use Committee of Fudan University and in compliance
with “Guide for the Care and Use of Laboratory Animals (the Guide,
NRC 2011).”

2.5 | Echocardiographic measurements

Echocardiography and invasive haemodynamic measurement were
performed at baseline and 1 week after sham or LAD ligation sur-
gery. Mice were anesthetized by inhalation of 2% isoflurane.
Transthoracic echocardiographic analysis was performed using an
animal-specific instrument (VisualSonics Vevo770, VisualSonics Inc.,
Canada) as previously described.®'! Mice were anesthetized and
M-mode images of the left ventricle (LV) were recorded. Cardiac
structure and function parameters included left ventricular internal
end-diastolic dimensions (LVIDd), left ventricular anterior wall end-
diastolic thickness (LVAWd) and left ventricular ejection fraction
(LVEF). All measurements were averaged for 5 consecutive cardiac
cycles and were carried out by 3 experienced technicians who
were unaware of the identities of the respective experimental

groups.

2.6 | Invasive haemodynamic test

Haemodynamic assessment was performed by a 1.4 F pressure
catheter (SPR 671, Millar Instruments) inserted into the aorta and LV
through the right common carotid artery after mice were anes-
thetized by inhalation of 2% isoflurane.2*! The transducer was con-
nected to Powerlab system (AD Instruments, Castle Hill, Australia).
Cardiac morphological and haemodynamic parameters including LV
end-systolic pressure (LVESP), LV end-diastolic pressure (LVEDP) and
maximal contraction and relaxation velocity (max dp/dt and min dp/
dt) were record and analysed.

2.7 | Pathological test

One week after the LAD ligation, mice were killed and hearts
were excised. After dissecting LV, part of myocardial samples was
snap-frozen with liquid nitrogen for protein as well as mRNA anal-

ysis and the other part was fixed for 24 hours in 4% formalin

dissolved in 0.1 mol/L PBS (pH 7.4), subsequently embedded in
paraffin and transversely cut into 5 um sections onto slides for
further histological analysis. The myocyte cross-sectional area
(CSA) was measured with a quantitative digital image analysis sys-
tem (Image-Pro Plus 6.0) using images that were captured from
FITC-conjugated wheat germ agglutinin (WGA, Invitrogen Corp)
stained sections as described previously.}>*® More than 100 myo-
cytes in the examined sections were outlined for each group of
mice. The myocardial apoptosis was measured by terminal
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)
according to the manufacturer's instructions (Roche Applied
Science, South San Francisco, California, USA). Five micrographs
were randomly selected and the numbers of healthy or apoptotic
cardiomyocytes were counted. The extent of cell apoptosis was
expressed as the ratio of TUNEL-positive nuclei over DAPI-stained
nuclei. Myocardial infarction size was determined by morphometric
analysis as described previously.”

2.8 | Quantitative real-time PCR

Total RNA was prepared from left ventricular tissues of mouse
hearts or cultured NRCMs using TRIzol reagent (Invitrogen, cata-
logue 15596-018, USA). cDNA was synthesized from 1 mg RNA of
each sample using the TOYOBO ReverTra Ace-a-RT-PCR kit accord-
ing to the manufacturer’s instruction. Real-time PCR was performed
on a Bio-Rad IQ5 multicolour detection system using synthesized
cDNA. A comparative CT method was used to determine relative
quantification of special RNA levels. All real-time PCRs were per-
formed at least in triplicates. Atrial natriuretic peptide (ANP), B-type
natriuretic peptide (BNP) and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) were amplified using their specific primers
(Table S1).

2.9 | Western blotting

Total ventricular extracts were prepared from the LV
myocardium as described previously.** The cytoplasmic and nu-
clear protein was extracted as previously described.® Protein con-
centrations were measured by BCA (Sigma-Aldrich, USA) assay.
Equal amount of protein extracts was separated with SDS-page
and transferred to a nitrocellulose membrane (Millipore, USA).
GAPDH was used for a loading control of total protein. The blots
were analysed and quantified by densitometry using Imagel

program.

2.10 | Statistical analysis

Data are shown as mean + SEM. Multiple group comparison was
performed by one-way or two-way ANOVA followed by LSD
procedure for comparison of means. Comparison between 2
groups under identical conditions was performed by the 2-tailed
Student’s t test. A value of P <.05 was considered statistically
significant.
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3 | RESULTS

3.1 | Phosphorylation of HSF1 was repressed
by both MI in vivo and hypoxic stimuli
in vitro

To identify the link between HSF1 and ischaemia-related cardiac
hypertrophy, we measured the expression and phosphorylation of
HSF1 in cardiomyocytes in vivo and in vitro. First, we tested the
expression and phosphorylation of HSF1 in the infarct border
zone of mouse LVs 1 week after Ml so as to uncover the
changes of HSF1 in the early stage of MI. One week after left
anterior descending (LAD) coronary ligation, although the total
expression of HSF1 was unchanged, the phosphorylation of HSF1
was found to be significantly decreased by 64% in the infarct bor-
der zone area of mouse LV compared to sham mice, respectively
(Figure 1A, B). We also measured the expression and phosphoryla-
tion of HSF1 in other organs including brain, lung, liver and mus-
cle after MI. However, no significant changes were found before
and after Ml in the above mouse organs (Figure S1A). Second, to
eliminate the possible compensatory or neuroendocrine factors
which may influence the expression and phosphorylation of HSF1
in Ml-induced cardiac hypertrophy, NRCMs were isolated and
stimulated with hypoxia, a well-controlled experimental setting to
mimic Ml in an in vitro study. Similar to the finding from in vivo
study, the phosphorylation level of HSF1 was decreased by 72%
in the hypoxia-treated NRCMs compared to the normoxia-treated
NRCMs, respectively (Figure 1 C, D). Taken together, the negative
correlation between the HSF1 phosphorylation and hypertrophic
response to ischaemia revealed that HSF1 may be critically
involved in the pathological process of cardiac remodelling after
M.

3.2 | Deficiency of HSF1 aggravated hypoxia-
induced myocardial hypertrophy in vitro

Given the reduced HSF1 phosphorylation in hypertrophic hearts
under myocardial ischaemia, we next determined whether a decrease
in HSF1 phosphorylation promotes hypoxia-induced cardiac hyper-
trophy. NRCMs were exposed in hypoxic condition for 24 hours to
mimic MI in vitro. AdshHSF1 was infected in NRCMs to artificially
restrain the expression of HSF1 in the cardiomyocytes (Figure 2A,
B). Treatment with hypoxia has no effect on the expression of total
HSF1, but significantly inhibited the phosphorylation of HSF1(Fig-
ure 2A, B). The NRCMs were then subjected to immunostaining
using o-MHC primary antibody as shown in Figure 2C. Hypoxia
increased the cardiomyocyte surface area (CSA) of NRCMs by 2.8-
folds (Figure 2D), while the mRNA level of ANP and BNP, the cardiac
hypertrophic markers, was increased by 3.2-folds and 2.3-folds,
respectively (Figure 2E). Treatment of AdshHSF1 worsened the
enlargement of NRCMs and the up-regulation of ANP and BNP (Fig-
ure 2D, E). TUNEL assay was performed to detect the myocardial
apoptosis. There was an increase in 2.8-folds in the ratio of cellular
apoptosis in hypoxia-treated NRCMs compared to normoxia-treated
NRCMs. This hypoxia-induced increase in myocardial apoptosis was
similar in the NRCMs treated with AdshHSF1 (Figure 2F). Taken
together, deficiency of HSF1 deteriorated myocardial hypertrophy
provoked by hypoxia in vitro, indicating a protective role of HSF1 in

the hypoxia-induced myocardial hypertrophy.

3.3 | Deficiency of HSF1 deteriorated cardiac
hypertrophy after Ml in vivo

We next explored whether the phosphorylation of HSF1 is neces-
sary for the cardiac hypertrophy induced by MI. First, cardiac
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FIGURE 1 The phosphorylation of HSF1 was reduced by both Ml and hypoxic stimuli. A, Representative Western blots and (B) quantitative
results of total and phosphorylation level of HSF1 in the LV border zone of MI 1 wk after LAD ligation. N = 5 per experimental group. Ml,
myocardial infarction. *P < .05 compared with sham. C, Representative Western blots and (D) quantitative results of total and phosphorylation
level of HSF1 in NRCMs stimulated by hypoxia. N = 5 independent experiments. GAPDH was served as internal control. NO, normoxia. HO,
hypoxia. All data are expressed as mean + SEM *P < .05 compared with NO
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FIGURE 2 Deficiency of HSF1 deteriorated hypoxia-induced myocardial hypertrophy in vitro. A,. Representative Western blots of total and
phosphorylation level of HSF1 in neonatal cardiomyocytes (NRCMs) after transduced with indicated SiRNA and treated with hypoxia. N = 5
independent experiments. B,. Quantitative results of total and phosphorylation level of HSF1in NRCMs. C and D,. The representative images
and quantification data of cardiomyocyte surface area (CSA) of NRCMs stained by a-myosin heavy chain (a-MHC). Scale bar: 20 um. E, mRNA
levels of hypertrophic markers, atrial natriuretic peptide (ANP), B-type natriuretic peptide (BNP) in NRCMs measured by real-time PCR. GAPDH
was served as internal control. F and G,. The TUNEL staining and quantified data of NRCMs. Scale bar: 20 um. N = 5 independent
experiments. NO, normoxia. HO, hypoxia. All data are expressed as mean + SEM *P < .05 compared with NO + AdshSiRNA, #P < .05

compared with HO + AdshSiRNA

morphology and function of the mice were measured by echocardio-
graphy 1 week after LAD ligation. The quantitated data showed that
there was no significant difference between the HSF1 KO mice and
their WT littermates in terms of cardiac morphology and contractile

function on baseline level (Table 1), indicating that HSF1 deficiency
did not affect cardiac development and growth under physiological
condition. One week after MI, WT mice developed a significant left
ventricular hypertrophy compared to sham mice, represented by a
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TABLE 1 Echocardiographic and haemodynamic analysis of mice 1 wk after sham or LAD ligation

Sham Mi

WT HSF1 KO HSF1 KO

(n=8) (n=8) (n=8) (h=7)
LVAW (mm) 0.71 + 0.03 0.73 + 0.03 1.15 + 0.06° 1.19 4+ 0.05
LVIDd (mm) 301 + 0.1 3.10 + 0.2 3.88 + 0.3° 4.14 + 0.2°
EF (%) 73.8 + 3.9 741 + 5.7 552 + 2.2° 445 + 3.3°
HR (bpm) 559.2 + 49.4 558.5 + 59.2 574.2 + 45.2 581.2 + 46.2
LVESP (mm Hg) 98.6 + 6.7 97.6 + 5.8 86.9 + 3.5° 79.6 + 2.7°
LVEDP (mm Hg) 1.5 + 0.2 1.9 + 0.2 7.9 + 0.5° 10.8 + 0.7¢
Max dp/dt (mm Hg/S) 10556 + 579.5 9906 + 401.4 6908 + 375.7° 5287 + 445.3°
Min dp/dt (mm Hg/S) —9026 + 351.6 —9241 + 501.6 - 5511 + 398.9° —4441 + 319.8°

LVAW(, left ventricular anterior wall end-diastolic thickness; EF, ejection fraction; LVIDd, left ventricular internal end-diastolic dimensions; HR, heart rate;
LVESP, LV end-systolic pressure; LVEDP, LV end-diastolic pressure; max dp/dt, maximal contraction velocity; min dp/dt, maximal relaxation velocity.

2p < .05.
bp < .01 vs. WT sham mice.
°P < .05 vs. WT MI mice.

remarkable increase in LV wall thickness (left ventricular anterior wall
end-diastolic thickness, LVAW(d), a notable decrease in left ventricu-
lar ejection fraction (EF) as well as a preserved left ventricular inter-
nal end-diastolic dimensions (LVIDd) and heart rate (HR) (Table 1). In
addition, Ml-induced haemodynamic alteration was measured by
invasive cardiac catheter. Significant decrease in LV end-systolic
pressure (LVESP) and increase in LV end-diastolic pressure (LVEDP)
were observed in Ml mice compared to sham mice. Compared to
WT MI mice, a significant decrease in the EF and LVESP as well as a
notable increase in LVIDd and LVEDP was found in the HSF1 KO
mice (Table 1). Furthermore, M| mice also showed a significant
decrease in maximal contraction and relaxation velocity (max dp/dt
and min dp/dt) vs sham. These haemodynamic alterations were more
significant in HSF1 KO mice 1 week after LAD ligation (Table 1).
Cardiac hypertrophy was further determined by the direct
ex vivo measurements and histological analysis in the heart tissues
1 week after MI. Compared to sham mice, M| mice exhibited a sig-
nificant increase in heart weight/body weight ratio (HW/BW) (Fig-
ure 3A), LV weight/tibial length ratio (LVW/TL) (Figure 3B), lung
weight/tibia length (LW/TL) (Figure 3C) and cross-sectional area
(CSA) of cardiomyocytes (Figure 3D, E). HSF1 KO MI mice showed
more significant changes in these direct measurements vs WT MI
mice (Figure 3A-D). Additionally, elevated ANP and BNP in MI mice
vs sham mice were significantly increased in HSF1 KO mice (Fig-
ure 3F). To reveal whether the deterioration of cardiac hypertrophy
was a resultant change in the myocardial infarction, we measured
the infarct area of the mouse hearts. As shown in Figure 3G, HSF1
KO mice showed similar infarct area 1 week after Ml compared to
WT mice. The deficiency of HSF1 had no significant effect on the
myocardial apoptosis in the LV border zone of MI mice (Figure 3H,
I). Collectively, these in vivo data, consistent with the observations
in vivo, further supported that HSF1 is necessary for the develop-
ment of cardiac hypertrophy and the transition to heart failure in the

early stage of MI.

3.4 | Deficient HSF1 enhanced the activation of
JAK2/STATS3 signalling pathway

As JAK2 is critically involved in the cardiac hypertrophy, we mea-
sured the phosphorylation of JAK2 in both the MI mouse hearts and
the hypoxia-treated NRCMs. We observed that 1 week after M, the
phosphorylation of JAK2 in the infarct border zone of the LV was
strikingly increased in the HSF1 KO mice compared with those
hearts of the WT mice (Figure 4A, B). Similarly, the phosphorylation
of JAK2 in hypoxia-treated NRCMs was boosted by 2.9-folds in the
NRCMs treated by AdshHSF1 compared with the control NRCMs
(Figure 4D,E). STAT3 is a key downstream effector of JAK2. We
here tested whether the HSF1 deficiency could increase the activity
of STAT3 evoked by ischaemia. As shown in Figure 4A, C, increased
phosphorylation of STAT3 was also enhanced in the border zone of
the LVs of HSF1 KO mouse in vivo. We also found that the phos-
phorylated STAT3 was significantly increased in the hypoxia-treated
NRCMs, which were enhanced by the deficiency of HSF1 (Fig-
ure 4D, F). These findings collectively demonstrated that ablation of
HSF1 increased the activation of JAK2/STATS3 signalling pathway.

3.5 | Enhanced phosphorylation of HSF1 relieved
pathological cardiac hypertrophy induced by LAD
ligation in mice

As the deficient HSF1 resulted in a deteriorated cardiac hypertrophy
and heart failure, we next explored whether an enhanced phosphoryla-
tion of HSF1 abrogates the maladaptive cardiac hypertrophy induced
by Ml in HSF1 TG mice. The basal cardiac morphology and contractile
function were similar between the HSF1 TG mice and their WT litter-
mates through the measurement of echocardiography (Table 2), indi-
cating a normal cardiac development and growth in HSF1 TG mice. The
HSF1 TG mice showed significant attenuation of pathological cardiac
hypertrophy evidenced by preserved HR, decreased LVAWd, LVIDd
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FIGURE 3 Deficiency of HSF1 aggravated cardiac hypertrophy induced by Ml in mice. A, Heart weight/body weight ratio (HW/BW) (B) left
ventricular weight/tibia length ratio (LVW/TL) and (C) lung weight/tibia length ratio (LW/TL) of mice. D, Representative images of histological
sections of the mouse LVs were stained with haematoxylin-eosin (H&E) 1 wk after Ml or sham surgery. Scale bar: 50 um. E, Quantitative
results of the cross-sectional area (CSA) of mouse cardiomyocytes quantified using an image analysis system. F,. Real-time PCR analysis of ANP
and BNP in mouse border zone area of LVs 1 wk after MI. G, the infarction size of the mouse hearts. H and |, The TUNEL staining and
quantified data of mouse hearts. Scale bar: 20 um. GAPDH was served as internal control. N = 7-8 per experimental group. All data are
expressed as mean + SEM *P < .05, **P < .01 compared with WT sham, #P < .05, #P < .01 compared with WT Ml

and increased EF 1 week after MI compared to WT mice (Table 2).
Similarly, haemodynamic abnormalities caused by 1-week MI in WT
mice were notably mitigated in HSF1 TG mice, implying a improvement
of contractile function of LV led by HSF1 overexpression (Table 2).
Further ex vivo study showed that HSF1 TG inhibited the
increased HW/BW (Figure 5A), LVW/TL (Figure 5B), LW/TL (Fig-
ure 5C) and CSA of cardiomyocytes (Figure 5D, E) compared to WT
mice 1 week after LAD ligation. Similarly, the abnormal reprogram-
ming of ANP and BNP in WT MI mice were significantly rectified in
HSF1 TG mice (Figure 5F). The infarct area of the mouse hearts in
HSF1 KO mice was similar compared to WT mice 1 week after Ml

(Figure 5G). The myocardial apoptosis were both significantly and
similarly increased in the MI mice in both Wt and HSF1 TG mice (Fig-
ure 5H, ). Together, these in vivo data from HSF1 TG mice further
demonstrated that HSF1 is able to inhibit the pathological cardiac
hypertrophy and promote the cardiac dysfunction induced by MI.

4 | DISCUSSION

Although the long-held view has been that cardiac hypertrophy in
response to pathological stress including ischaemia is an adaptive
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response required to sustain cardiac function after loss of working
cardiomyocytes, this conception has been challenged by evidence
that Ml-induced LVH consistently damaged the compliance of the
hearts and aggravated myocardial ischaemia.'®> Accumulating evi-
dence from studies in patients and animal models indicated that car-
diac hypertrophy after MI is not a compensatory but rather a

maladaptive process.*® Cardiac hypertrophy is not only a predictor

AdshHSF1

but also a mediator of cardiovascular events predisposing patients to
arrhythmias and heart failure.r” Therefore, prevention of cardiac
hypertrophy is considered as a novel strategy in the treatment of
ML.*8 In particular, in the acute stage of the M, the fatal arrhythmia
ranks as one of the top cause of sudden death.'??° Therefore, it is
very important to diminish the underlying pro-arrhythmic hypertro-

phy after acute MI. Our group, together with the others, previously
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TABLE 2 The echocardiographic and haemodynamic analysis of HSF1 TG mice and their littermates 1 wk after sham or LAD ligation

Sham MI

WT HSF1 TG HSF1 TG

(n=6) (n=6) (n=6) (n=6)
LVAW (mm) 0.73 + 0.02 0.72 + 0.02 1.18 + 0.05° 1.16 + 0.06
LVIDd (mm) 3.06 + 0.3 3.03 + 0.4 379 + 0.5 3.19 + 0.4°
EF (%) 743 + 5.9 758 + 6.1 56.6 + 4.1° 67.9 + 6.1°
HR (bpm) 577.3 + 47.3 571.0 + 41.9 585.2 + 49.5 579.5 + 49.8
LVESP (mm Hg) 101.5 + 8.3 103.8 + 7.5 84.8 + 6.5° 95.6 + 9.1°
LVEDP (mm Hg) 14 + 0.3 1.8 + 0.4 9.1 + 0.8° 5.1 + 0.4°
Max dp/dt (mm Hg/S) 9959 + 661.7 10011 + 698.8 7002 + 642.1° 8797 + 660.5°
Min dp/dt (mm Hg/S) —9261 + 790.8 —9511 + 540.1 —5232 + 577.3° —6719 + 541.2°

LVAW(, left ventricular anterior wall end-diastolic thickness; EF, ejection fraction; LVIDd, left ventricular internal end-diastolic dimensions; HR, heart rate;
LVESP, LV end-systolic pressure; LVEDP, LV end-diastolic pressure; max dp/dt, maximal contraction velocity; min dp/dt, maximal relaxation velocity.

2p < .05.
bp < .01 vs. WT sham mice.
°P < .05 vs. WT MI mice.

reported that HSF1 plays an important role in the myocardial protec-
tion against cardiac overload.>?? Although the beneficial effects of
HSF1 were largely attributed to the decreases of myocardial fibrosis
in long-term of biochemical stress such as pressure overload and
ischaemia/reperfusion injury,® the cellular and molecular mechanism
of the protective role of HSF1 in the pathological cardiac remod-
elling led by direct ischaemia is still undetermined.

To our knowledge, this is the first report that the endogenous
cardioprotective factor, HSF1, plays an essential role in the develop-
ment of cardiac hypertrophy occurred in the early stage of MI. In
the present study, we have 3 important findings. First, we identified
HSF1 as an essential mediator of cardiac hypertrophy induced by
hypoxic stimuli. Second, we found that the phosphorylation of HSF1
is required for the preservation of cardiac morphology and function
in the early stage of MI in vivo. Third, the underlying mechanism by
which HSF1 attenuated ischaemia-induced cardiac hypertrophy is
associated with the blockage of the JAK2/STAT3 pathway. These
data strongly suggested that maintaining of HSF1 at a higher level
could prevent the occurrence of maladaptive cardiac hypertrophy
and preserve the adaptation of the heart in response to ischaemia.
Our findings indicated that HSF1 is critically involved in the myocar-
dial hypertrophy evoked by MI, implying a promising therapeutic
potential of HSF1 in MI patients.

HSF1 was demonstrated as a key factor involved in the adaptive
mechanism of transition from adaptive cardiac hypertrophy to mal-
adaptive heart failure,® as well as an essential intrinsic factor protect-
ing the cardiomyocytes against ischaemic injury via interacting with
STAT3.57 In the present study, our first finding is that HSF1 phos-
phorylation was inhibited by the ischaemic stimulation. We observed
that the phosphorylation level of HSF1 was reduced in the MI-
induced cardiac hypertrophic infarct border zone area in vivo and
hypoxia-treated NRCMs in vitro. On the basis of these observations,
we concluded that the phosphorylation of HSF1 is a potential

mechanism of the cardiac hypertrophy occurred in the early stage of
MI. We also postulated that ischaemia can restrain the activation of
HSF1 activation.

Although it is an adaptive change to maintain cardiac contractile
function after acute M, the hypertrophic response to the ischaemia
is a potential attributor of the fatal arrhythmia in MI patients.?2
Here, we revealed that the deficiency of HSF1 exaggerated ischae-
mia-induced cardiac hypertrophy and dysfunction. Loss of HSF1 aug-
mented hypertrophic response of CMs to ischaemia, indicating that
the reduction of HSF1 activity may promote the progression of car-
diac hypertrophy and the transition to heart failure in vivo. The
preservation of cardiac morphology and function was not attributed
to the decrease in the myocardial death evidenced by a similar
myocardial apoptosis between the WT mice and HSF1 KO mice
1 week after the LAD ligation. We also observed a deteriorated
myocardial hypertrophic response to ischaemia in the HSF1-deficient
NRCMs in vitro. Finally, we revealed that enhanced HSF1 phospho-
rylation notably mitigated the pathological cardiac hypertrophy and
inhibited the heart failure in the early stage of MI. These findings
together indicated that HSF1 activation is critically involved in the
cardiac hypertrophic response to ischaemia.

Abundant studies have implicated multiple signalling pathways in
the progression of pathological cardiac hypertrophy after MI. How-
ever, effective therapies for antagonizing this process have not yet
been developed. Accumulating evidence has indicated that JAK2/
STAT3 pathway is a key mediator of cardiac hypertrophy.” Deacti-
vating JAK2 attenuates the cardiac dysfunction in mice after Ml or
ischaemia/reperfusion injury.

STAT3 is the most important effector of the JAK2 in the initia-
tion and development of cardiac hypertrophy.” After phosphoryla-
tion, STAT3 translocates from the cytoplasm to the nucleus and
promotes the transcription of multiple hypertrophic factors including
ANP and BNP.ZTherefore, it is worthy to examine whether the
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FIGURE 5 Enhance of HSF1 attenuated cardiac hypertrophy induced by Ml in mice. A, Heart weight/body weight ratio (HW/BW), (B) left
ventricular weight/tibia length ratio (LVW/TL) and (C) lung weight/tibia length ratio (LW/TL) of mice. D, Representative images of histological
sections of the mouse LVs were stained with haematoxylin-eosin (H&E) 1 wk after Ml or sham surgery. Scale bar: 50 um. E, Quantitative
results of the cross-sectional area (CSA) of mouse cardiomyocytes quantified using an image analysis system. F, Real-time PCR analysis of ANP
and BNP in mouse border zone area of LVs 1 wk after MI. (G) The infarction size of the mouse hearts. H and I, The TUNEL staining and
quantified data of mouse hearts. Scale bar: 50um. GAPDH was served as internal control. N = 7 per experimental group. All data are
expressed as mean + SEM *P < .05, **P < .01 compared with WT sham, #P < .05, #P < .01 compared with WT Ml

expressions/activities of STAT3 are interfered by HSF1 in hearts
upon acute ischemia. Our study showed that as an essential down-
stream transcription factor of JAK2, STAT3 mediates JAK2 signalling
to regulate cardiac hypertrophic response to ischaemic stimulations.
Upon M, phosphorylated STAT3 was increased in the HSF1 KO
mice, whereas inhibition of STAT3 phosphorylation ameliorated the
ischaemia-induced cardiac hypertrophy and cardiac dysfunction in
mouse. These data suggested that HSF1 regulated the phosphoryla-
tion of JAK2 and consequently modulated the activation of STAT3.
Although our results might not exclude other mechanisms by which
HSF1 suppresses cardiac hypertrophy induced by ischaemia, the

inhibitory effect of HSF1 on the development of cardiac hypertrophy
seems to be largely dependent on the repression of JAK2/STAT3 by
HSF1.

It is well known that STAT3 participates in a wide variety of
physiological processes and directs seemingly contradictory
responses such as proliferation and apoptosis. It was reported that
cardiotrophin-1 induces cardiac myocyte hypertrophy in part by
up-regulation of a local renin-angiotensin system through STAT3
activation.?* Mice subjected to TAC alone developed concentric
hypertrophy that accompanied activation of the components of

the JAK/STAT signalling pathway manifested by an increase
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in phosphorylation of Jak2 and STAT3.? Chronic activation of angio-
tensin Il receptor 1 (AT1R) induced unregulated expression of
the STAT3 gene, leading to nuclear accumulation of unphosphory-
lated form of STAT3, which significantly correlated with progression
activates the JAK/
STAT pathway in rat cardiomyocytes in vitro.2> Therefore, various

of cardiac hypertrophy.’® Mechanical stretch
researches indicated that the activation of STAT3 was able to pro-
voke cardiac hypertrophy both in vivo and in vitro. While some
other data showed that STAT3 is a protective factor against ischae-
mia or I/R injury, STAT3 was fund to be crucial in cardiomyocyte
resistance to inflammation and other acute injury and in pathogene-
sis of age-related heart failure.?® STAT3 was also essential for post-
natal capillary vasculature maintenance in the heart which protected
heart from ischaemic injury and heart failure.?” We ever reported a
that granulocyte colony-stimulating factor stimulates phosphorylation
at Y705 and association of Stat3 with HSF1 and therefore enhances
transcriptional activity of HSF1, leading to the cardio-protection
against I/R injury.” Based on these finding, it can be postulated that
STAT3 seemingly played a protective role in the cardiomyocytes
against ischaemia or I/R injury; however, its role in the regulation of
cardiac hypertrophy induced by ischaemia or MI remained unclear,
although most of the evidence supported that the activation of
STAT3 promoted cardiac hypertrophy under pressure overload. The
confusing role of STAT3 in the regulation of cardiac hypertrophy
might be blamed to the different types of animal model or in vitro
cells. The duration of the treatment also changes the STAT3 phos-
phorylation level and sites. Moreover, the activation of different
phosphorylated site of STAT3, such as S727 and Y705, may lead to
different downstream effect.?® The JAK/STAT activation induced by
angiotensin Il is biphasic and time dependent in rat cardiomy-
ocytes.?? Our findings revealed a detrimental role of STAT3 in the
ischaemia-related cardiac hypertrophy, which is not consistent with
our previous report. The following reasons may contribute to the
divergences. First, we used different animal model. The present
study discussed the regulation of HSF1 by STAT3 in an early stage
of MI but not I/R injury in mice. Second, the present study detected
the phosphorylation of STAT3 at S727 but not the Y705. The phos-
phorylation of these 2 different sites leads to different results.

In summary, our study provides insights into the mechanisms of
ischaemia-induced cardiac hypertrophy and may have significant
implications for the development of strategies for the treatment of
MI through targeting of the HSF1. The present study brought a
novel tragedy that controlling cardiac hypertrophy induced by car-
diac ischaemia through regulation of HSF1. We provided evidence
illustrating that the underlying cardioprotective mechanism of HSF1
is dependent of JAK2/STAT3 pathway. The present study indicated
a potential target for pharmacological treatment of cardiac hypertro-
phy after Ml in patients.

ACKNOWLEDGEMENTS

None.

YUAN ET AL
CONFLICT OF INTERESTS
The authors confirm that there is no conflict of interest.
ORCID
Ning Zhou http://orcid.org/0000-0003-0863-3091
REFERENCES
1. White HD, Chew DP. Acute myocardial infarction. Lancet.

10.

11.

12.

13.

14.

15.

16.

17.

2008;372:570-584.

. Jagadeesh GS, Nagoor Meeran MF, Selvaraj P. Protective Effects of

7-Hydroxycoumarin on Dyslipidemia and Cardiac Hypertrophy in Iso-
proterenol-Induced Myocardial Infarction in Rats. J Biochem Mol Toxi-
col. 2016;30:120-127.

. Zhong M, Orosz A, Wu C. Direct sensing of heat and oxidation by

Drosophila heat shock transcription factor. Mol Cell. 1998;2:101-108.

. Lee YK, Manalo D, Liu AY. Heat shock response, heat shock tran-

scription factor and cell aging. Biol Signals. 1996;5:180-191.

. Zou YZ, Zhu WD, Sakamoto M, et al. Heat shock transcription factor

1 protects cardiomyocytes from ischemia/reperfusion injury. Circula-
tion. 2003;108:3024-3030.

. Sakamoto M, Minamino T, Toko H, et al. Upregulation of heat shock

transcription factor 1 plays a critical role in adaptive cardiac hyper-
trophy. Circ Res. 2006;99:1411-1418.

. Ma H, Gong H, Chen Z, et al. Association of Stat3 with HSF1 plays

a critical role in G-CSF-induced cardio-protection against ischemia/
reperfusion injury. J Mol Cell Cardiol. 2012;52:1282-1290.

. Zhou N, Ye Y, Wang X, et al. Heat shock transcription factor 1 pro-

tects against pressure overload-induced cardiac fibrosis via Smad3. J
Mol Med (Berl). 2017;95:445-460.

. Beckles DL, Mascareno E, Siddiqui MA. Inhibition of Jak2 phospho-

rylation attenuates pressure overload cardiac hypertrophy. Vascul
Pharmacol. 2006;45:350-357.

Yue H, Li W, Desnoyer R, Karnik SS. Role of nuclear unphosphory-
lated STAT3 in angiotensin Il type 1 receptor-induced cardiac hyper-
trophy. Cardiovasc Res. 2010;85:90-99.

Zhou N, Ma B, Stoll S, Hays TT, Qiu H. The valosin-containing pro-
tein is a novel repressor of cardiomyocyte hypertrophy induced by
pressure overload. Aging Cell. 2017;16:1168-1179.

Zhou N, Lee JJ, Stoll S, et al. Inhibition of SRF/myocardin reduces
aortic stiffness by targeting vascular smooth muscle cell stiffening in
hypertension. Cardiovasc Res. 2017;113:171-182.

Qiu H, Lizano P, Laure L, et al. H11 kinase/heat shock protein 22
deletion impairs both nuclear and mitochondrial functions of STAT3
and accelerates the transition into heart failure on cardiac overload.
Circulation. 2011;124:406-415.

Zhou N, Lee JJ, Stoll S, Ma B, Costa KD, Qiu H. Rho Kinase Regu-
lates Aortic Vascular Smooth Muscle Cell Stiffness Via Actin/SRF/
Myocardin in Hypertension. Cell Physiol Biochem. 2017;44:701-715.
Li HL, Zhuo ML, Wang D, et al. Targeted cardiac overexpression of
A20 improves left ventricular performance and reduces compen-
satory hypertrophy after myocardial infarction.  Circulation.
2007;115:1885-1894.

Bernardo BC, Weeks KL, Pretorius L, McMullen JR. Molecular dis-
tinction between physiological and pathological cardiac hypertrophy:
experimental findings and therapeutic strategies. Pharmacol Ther.
2010;128:191-227.

Drazner MH. The progression of hypertensive heart disease. Circula-
tion. 2011;123:327-334.


http://orcid.org/0000-0003-0863-3091
http://orcid.org/0000-0003-0863-3091
http://orcid.org/0000-0003-0863-3091

YUAN ET AL

18.

19.

20.

21.

22.

23.

24,

25.

26.

Diez J, Gonzalez A, Lopez B, Ravassa S, Fortuno MA. Effects of anti-
hypertensive agents on the left ventricle: clinical implications. Am J
Cardiovasc Drugs. 2001;1:263-279.

Huikuri HV, Raatikainen MJ, Moerch-Joergensen R, et al. Prediction
of fatal or near-fatal cardiac arrhythmia events in patients with
depressed left ventricular function after an acute myocardial infarc-
tion. Eur Heart J. 2009;30:689-698.

Lerma C, Gorelick A, Ghanem RN, Glass L, Huikuri HV. Patterns of
ectopy leading to increased risk of fatal or near-fatal cardiac arrhyth-
mia in patients with depressed left ventricular function after an
acute myocardial infarction. Europace. 2013;15:1304-1312.
Nishizawa J, Nakai A, Komeda M, Ban T, Nagata K. Increased pre-
load directly induces the activation of heat shock transcription factor
1 in the left ventricular overloaded heart. Cardiovasc Res.
2002;55:341-348.

Fauconnier J, Pasquie JL, Bideaux P, Lacampagne A, Richard S. Car-
diomyocytes hypertrophic status after myocardial infarction determi-
nes distinct types of arrhythmia: role of the ryanodine receptor. Prog
Biophys Mol Biol. 2010;103:71-80.

Rong J, Li L, Jing L, Fang H, Peng S. JAK2/STAT3 Pathway Mediates
Protection of Metallothionein Against Doxorubicin-Induced Cytotox-
icity in Mouse Cardiomyocytes. Int J Toxicol. 2016;35:317-326.
Fukuzawa J, Booz GW, Hunt RA, et al. Cardiotrophin-1 increases
angiotensinogen mRNA in rat cardiac myocytes through STAT3: an
autocrine loop for hypertrophy. Hypertension. 2000;35:1191-1196.
Pan J, Fukuda K, Saito M, et al. Mechanical stretch activates the
JAK/STAT pathway in rat cardiomyocytes. Circ Res. 1999;84:1127-
1136.

Jacoby JJ, Kalinowski A, Liu MG, et al. Cardiomyocyte-restricted
knockout of STAT3 results in higher sensitivity to inflammation,

27.

28.

29.

WILEY--2%

cardiac fibrosis, and heart failure with advanced age. Proc Natl Acad
Sci USA. 2003;100:12929-12934.

Hilfiker-Kleiner D, Hilfiker A, Fuchs M, et al. Signal transducer and
activator of transcription 3 is required for myocardial capillary
growth, control of interstitial matrix deposition, and heart protection
from ischemic injury. Circ Res. 2004;95:187-195.

Guo Y, Mascareno E, Siddiqui MA. Distinct components of Janus
kinase/signal transducer and activator of transcription signaling path-
way mediate the regulation of systemic and tissue localized renin-
angiotensin system. Mol Endocrinol. 2004;18:1033-1041.

Kodama H, Fukuda K, Pan J, et al. Biphasic activation of the JAK/
STAT pathway by angiotensin Il in rat cardiomyocytes. Circ Res.
1998;82:244-250.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Yuan L, Qiu L, Ye Y, et al. Heat-
shock transcription factor 1 is critically involved in the
ischaemia-induced cardiac hypertrophy via JAK2/STAT3
pathway. J Cell Mol Med. 2018;22:4292-4303.
https://doi.org/10.1111/jcmm.13713



https://doi.org/10.1111/jcmm.13713

