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Roles of heat shock factor 1 in isoproterenol-induced
myocardial fibrosis in mice
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Abstract. Although it is well known that isoproterenol (ISO)
causes myocardial hypertrophy and myocardial fibrosis in rats,
it has remained elusive whether heat shock factor 1 (HSF1) has
a role in this process. The present study aimed to investigate
the possible roles of HSF1 in ISO-induced fibrosis in mice. It
was found that after administration of ISO in Kunming and
HSFI1-/+ mice, there was a large number of fibers deposited
around blood vessels and among cardiocytes, accompanied
with an obvious increase in the protein expressions of type I or
III collagen and heat shock protein 47 (HSP47), as indicated
by western blot analysis. After intervention with insulin-like
growth factor 1 (IGF-1), myocardial fibrosis was significantly
attenuated, with a paralleled decrease in the expression of
collagen and HSP47 in the mice. However, in HSF1-/- mice,
fiber hyperplasy was not observed after injection of ISO, and
the levels of type I or III collagen and HSP47 were not signifi-
cantly increased at the protein and mRNA level. Furthermore,
it was demonstrated that after subcutaneous injection of ISO
into the back of Kunming and HSF1-/+ mice, large amounts of
HSF1 protein were localized to the nucleus, and there was an
increase in phosphorylated HSF1 as indicated by western blot
and immunohistochemical analysis, respectively. Intervention
with IGF-1 inhibited HSF1 activation mediated by ISO. These
results suggested that HSF1 is required for myocardial fibrosis
in [SO-treated mice, and the underlying molecular mechanism
may involve the regulation of HSP47.
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Introduction

Myocardial fibrosis refers to excessive accumulation of
collagen fibers in the heart that results from upregulated
collagen fibers or altered components of collagen fibers
in myocardial tissues, which is implicated in numerous
physiological and pathological conditions (1-6). Although
the precise mechanism remains elusive, one hypothesis is
that the imbalance between the synthesis and degradation of
myocardial collagen fibers leads to fibrosis in the heart (5,6).

Numerous studies have shown that cytokines, including
transforming growth factor (TGF), insulin-like growth factor
(IGF) and fibroblast growth factor (FGF) have important
roles in proliferation, extracellular matrix (ECM) deposition
and organ fibrosis by interacting with the corresponding
receptors (7-9). IGF-1 was found to protect against cardiac
fibrosis in vivo, although it may promote fibrosis in other
organs (10,11).

The mouse model of isoproterenol (ISO)-induced myocar-
dial fibrosis offers a tool for studying the functions of various
genes. ISO is a synthetic non-selective 3-adrenoceptor agonist
whose subcutaneous injection induces heart failure and
suppressed cardiac function due to myocardial hypertrophy
and fibrosis (11,12). The amplified inflammatory response
after ISO injection is likely to be the cause of myocardial
injury.

Heat shock proteins (HSPs) are protective proteins, which
are present under normal conditions and are upregulated
during stress (heat stress in particular). Being molecular
chaperones, HSPs take part in protein folding, disaggrega-
tion, renaturing and transportation (13-15). HSPs are a
superfamily of proteins, which are regulated by heat shock
factor 1 (HSF1) (16,17). They are classified into numerous
sub-families according to their molecular weight, including
HSP90, -70, -60 and small-molecular HSPs. HSP47 belongs
to the small molecular family. As a molecular chaperone,
HSP47 is involved in processing, folding, aggregation and
secretion processes of collagen proteins in the endoplasmic
reticulum, which has an important role in quality control
of mature collagen, preventing generation and secretion of
misfolded pro-collagen during stress (18). Thus, HSP47 may
have an important role in the process of fibrosis in various
organs. HSF1 is the main regulator of the HSP genes,
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suggesting it may also have an important role in the fibrotic
process.

Although numerous studies have focused on the roles of
HSFI in liver (19-24), kidney or pulmonary fibrosis, there
have been few studies on the role of HSF1 in experimentally
induced myocardial fibrosis. In the present study, it was
hypothesized that HSF1 has a promoting role in experi-
mentally induced cardiac fibrosis, and the effect of HSF1
on ISO-induced myocardial fibrosis was investigated via
histomorphological observation and determination of the
expression of collagens and HSP47 as well as the activation
of HSF1 itself in mice by using Kunming and HSF1 knockout
mice (HSF1-/- mice).

Materials and methods

Materials. IGF-1 was purchased from PeproTech (Rocky
Hill, NJ, USA). Anti-HSF1 (cat. no. SPA901) and anti-HSP47
(cat. no. SPA470) antibodies were from Stressgen (Enzo
Life Sciences, Farmingdale, NY, USA). Anti-phospho HSF1
(ser307) (cat. no. ab47369), collagen (COL)-I (cat. no. ab6308)
and COL-III (cat. no. ab82354) monoclonal antibodies were
purchased from Abcam (Cambridge, UK). -actin poly-
clonal antibody (cat. no. AF4000) was from R&D Systems
(Minneapolis, MN, USA), horseradish-peroxidase-labeled
goat anti-rabbit, rabbit anti-goat immunoglobulin G anti-
bodies and a diamminobenzidine (DAB) test kit were from
Boster Biological Technology (Wuhan, China). Dulbecco's
modified Eagle's medium (DMEM) and RPMI 1640 were
from Gibco-BRL (Invitrogen Life Technologies, Carlsbad,
CA,USA) and SDS, agarose, Hoechst 33258 and proteinase K
were from Invitrogen Life Technologies. Acrylamide
and N,N'-methylene-bis-acrylamide were from Fluka
(Sigma-Aldrich, St Louis, MO, USA). Dithiothreitol (DTT),
ammonium persulfate, toluidine blue, tetramethylethylenedi-
amine (TEMED) and an MTT kit were from Promega Corp.
(Madison, WI, USA). Polyvinylidene difluoride (PVDF)
membranes were purchased from Millipore (Billerica, MA,
USA).

Adult Kunming mice (age, 7-8 weeks) were provided by
the Animal Center of Central South University (Changsha,
China). HSF1+/- and HSF-/- mice were kindly provided by
Professor Ivor Benjamin (Division of Cardiology, University
of Utah, Salt Lake City, UT, USA). The present study was
approved by the ethics committee of Central South University.

Methods

Experimental groups and preparation of animal model.
The Kunming mice were maintained at 25°C, in an atmosphere
containing ~60% humidity, with free access to food and water.
Kunming mice were randomly divided into three groups (n=4/
group): i) Control: Kunming mice were injected subcutane-
ously with normal saline; ii) ISO group: ISO (Shanghai Harvest
Pharmaceutical Co., Ltd., Shanghai, China) was subcutane-
ously injected beside the thoracic vertebrae of the mice at a
dose of 40 mg/kg on the first day, 20 mg/kg on the second day,
10 mg/kg on the third day and 5 mg/kg on the fourth day. The
dose (5 mg/kg) was then kept for 10 more days. iii) ISO + IGF-1
intervention group: After the mice were injected with ISO, IGF-1
(2 pg/kg) was immediately injected into the same location.
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HSF-1 knockout mice were randomly divided into
six groups: i) HSF-/- control; ii) ISO HSF-/- group;
iii) ISO + IGF-1 HSF-/- group: iv) HSF-/+ control; v) ISO
HSF-/+group; and vi) ISO + IGF-1 HSF-/+ group. The animal
model was prepared as described in the corresponding groups
of Kunming mice.

RNA extraction and reverse transcription quantitative
polymerase chain reaction (RT-qPCR). Cardiac tissue was
ground in liquid nitrogen. Total RNA was extracted with
TRIzol reagent (Invitrogen Life Technologies) according
to the manufacturer's instructions. 1 pg total RNA was
reverse-transcribed by using a reverse transcription kit
(Reverse Transcription system; Promega Corp.). For quantita-
tive real-time PCR, a total of 100 ng cDNA was used to assess
HSP47 expression, whereas 10 ng cDNA was used for PCR of
GAPDH as a control. The primer sequences were as follows:
HSP47, forward 5'-TCACCACAGGATGGTGGACA-3' and
reverse 5'-TGGTCAGCAGCTTCTCCAAG-3'; GAPDH,
forward 5-ACCA CAGTCCATGCCATCAC-3' and reverse
5'-TCCACCACCCTGTTG CTGTA-3' (SYBR Green I
fluorescence dye was used to bind specifically to the minor
groove of double-stranded DNA). The primers were chemi-
cally synthesized by Invitrogen Life Technologies (Shanghai,
China). PCR was conducted using an Applied Biosystems
7500 Real-Time PCR system (Applied Biosystems Life
Technologies, Foster City, CA, USA). The PCR mixture
contained: 2 ul cDNA, 0.2 ul forward primer, 0.2 ul reverse
primer, 0.5 1 20X Quantifast SYBR® Green PCR kit (Qiagen,
Hilden, Germany), 0.4 ul ANTP (2.5 mM), 2.4 ul Mg?
(25 mM), 2 ul 10X buffer, 0.2 ul enzyme (5 units/ul), diluted
to 20 ul with ddH,0O. PCR cycling conditions were as follows:
HSP47, 95°C for 2 min, 95°C for 10 sec, 61°C for 10 sec and
72°C for 45 sec, 40 cycles; GAPDH, 95°C for 2 min, 95°C for
10 sec, 61°C for 10 sec, 72°C for 45 sec, 40 cycles. All reac-
tions followed the typical sigmoidal reaction profile, and the
cycle threshold was used to measure amplicon abundance.

Protein extraction. Myocardial tissue was washed with
Buffer A [20 mM 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid-KOH, pH 7.5; 10 mM KCI; 1.5 mM MgCl,; 1.0 mM
EDTA-Na; 1.0 mM ethylene glycol tetraacetic acid-Na;
250 mM sucrose] for 10 min, subsequently homogenized on
ice using a glass homogenizer and centrifuged at 100,000 x g
for 30 min at 4°C. The supernatant was pooled and protein
concentrations were determined by the Bradford method (25),
using Coomassie Brilliant Blue (Fluka). Protein samples were
kept at -80°C for future use.

Western blot analysis. Western blot analysis was performed
as previously described (26). Briefly, 20 ug protein was
loaded in each lane. After SDS-PAGE, proteins were elec-
trically transferred to a PVDF membrane. After blocking,
primary antibodies (1:1,000) were added and incubated at
room temperature for 1 h. The primary antibodies used were
as follows: Anti-COL-I , anti-COL-III, anti-phospho-HSF1,
anti-HSP7, and anti-B-actin. After washing, secondary anti-
bodies were added and incubated for about 45 min. After
thorough washing, the membrane was visualized with a DAB
kit according to manufacturer's instructions. The blots were
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Figure 1. Effect of ISO and IGF-1 on myocardial fibrosis in Kunming, HSF1-/+ and HSF1-/- mice. After mice were injected with phosphate-buffered saline
(control), ISO or ISO + IGF-1 for 14 days, hearts were fixed. Myocardial tissues were stained with hematoxylin and eosin in order to observe fibrosis in the
heart. Arrows denote fibrosis. HSF, heat shock factor; ISO, isoproterenol; IGF, insulin-like growth factor 1.
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Figure 2. ISO induces the protein expression of type I and III collagen in Kunming mice. (A) After the mice were injected with ISO or ISO + IGF-1 for the
indicated times, total proteins of the heart were extracted and subjected to western blot analysis for type I collagen protein. A representative western blot
of three different experiments is shown. (B) Semi-quantitative analysis of type I collagen protein bands against -actin (n=3). (C) The mice were injected
with ISO or ISO + IGF-1, and total proteins were extracted and subjected to western blot analysis for type III collagen protein. A representative western blot
of three different experiments is shown. (D) Semi-quantitative analysis of type III collagen protein bands against f-actin (n=3). Values are expressed as the
mean =+ standard error of the mean. “P<0.05 vs. ISO + IGF-1. ISO, isoproterenol; IGF, insulin-like growth factor 1; Col, collagen.

analyzed using Bandleader 3.0 (Magnitec Ltd., Tel Aviv,
Israel).

Histochemistry. For histological analysis, hearts were fixed by
perfusion with 10% formalin. Fixed hearts were embedded in
paraffin and sectioned (4 ym). The myocyte cross-sectional
diameter was measured in the sections stained with hematoxylin

and eosin, and suitable cross-sections were defined as having
nearly circular capillary profiles and nuclei (n=100 in each

group).

Statistical analysis. Values are expressed as the mean + standard
error of the mean. Multiple group comparison was performed
by one-way analysis of variance (ANOVA), followed by the
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Figure 3. ISO-induced expression of type I collagen protein is dependent on HSF1 in mice. (A) HSF1-/+ or HSF1-/- mice were injected with phosphate-buffered
saline (control), ISO or ISO + IGF-1 for 14 days, and total proteins of the heart were extracted and subjected to western blot analysis for type I collagen protein.
Shown is a representative western blot of three independent experiments. (B) Semi-quantitative analysis of type I collagen protein bands against f-actin
(n=3). Values are expressed as the mean = standard error of the mean. "P<0.05 vs. control; “P<0.05 vs. ISO. HSF, heat shock factor; 1SO, isoproterenol; IGF,

insulin-like growth factor 1.
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Figure 4. ISO induces HSF1 activation. (A) After Kunming, HSF1-/+ and HSF1-/- mice were injected with phosphate-buffered saline (control), ISO or
ISO + IGF-1 for 14 days, HSF1 protein in the cardiomyocytes was stained with a fluorescence-labeled antibody and assessed under a fluorescent microscope.
Arrows denote an increase in nuclear HSF1 protein. (B) Mice were treated as in A, and total proteins were extracted and subjected to SDS-PAGE followed
by immunoblotting using an anti-phospho-HSF1 (Ser307) antibody. 3-actin was used as an internal control. p-HSF, phosphorylated heat shock factor; ISO,

isoproterenol; IGF, insulin-like growth factor 1.

Bonferroni procedure for comparison of means. Comparison
between two groups were analyzed by the tow-tailed Student's
t-test or two-way ANOVA. P<0.05 was considered to indicate a
statistically significant difference between values.

Results

HSF1 is required for the establishment of an ISO-induced
mouse model of myocardial fibrosis. To observe the effects

of HSF1 on cardiac fibrosis, a myocardial fibrosis model was
prepared using HSF-/+ mice. After injection of ISO for 8 or
14 days, a large number of fibres were found to accumulate
between cardiomyocytes or around aortic ventricles of the
heart in Kunming mice, and this accumulation was signifi-
cantly inhibited by intervention with IGF-1, and similar
results were observed in HSF-/+ mice treated with ISO
(Fig. 1), indicating that myocardial fibrosis was induced by
ISO but reversed by IGF-1 treatment, in accordance to other
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Figure 5. ISO-induced expression of HSP47 is dependent on HSF1. (A) Kunming mice were injected with phosphate-buffered saline (control), ISO or
ISO + IGF-1 for the indicated times, and total proteins of the heart were extracted and subjected to western blot analysis for HSP47 protein. Shown is a repre-
sentative western blot of three independent experiments. (B) Semi-quantitative analysis of HSP47 protein bands against $-actin (n=3). "P<0.05 vs.ISO + IGF-1.
(C) HSF1-/+ or HSF1-/- mice were injected with ISO or ISO + IGF-1 for 14 days, and total proteins of the heart were extracted and subjected to western blot
analysis for HSP47 protein. Shown is a representative western blot of three independent experiments. (D) Semi-quantitative analysis of HSP47 protein bands
against 3-actin (n=3). Values are expressed as the mean + standard error of the mean. "P<0.05 vs. control; “P<0.05 vs. ISO. HSF, heat shock factor; ISO,

isoproterenol; IGF, insulin-like growth factor 1; HSP, heat shock protein.
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Figure 6. ISO induces HSP47 transcription. HSF1-/+ or HSF1-/- mice were
injected with phosphate-buffered saline (control), ISO or ISO + IGF-1 as
indicated for 14 days, and total RNA was extracted. Reverse transcription
quantitative polymerase chain reaction analysis was performed to measure
HSP47 mRNA levels, and HSP47 mRNA was normalized to GAPDH (n=3).
Values are expressed as the mean + standard error of the mean. "P<0.05 vs.
control; “P<0.05 vs. ISO. HSF, heat shock factor; ISO, isoproterenol; IGF,
insulin-like growth factor 1; HSP, heat shock protein.

studies (27,28). By contrast, in HSF1-/- mice, cardiac fibrosis
was not found to be induced by ISO (Fig. 1). These results
suggested that HSF1 is required for myocardial fibrosis in
mice, at least that induced by ISO.

HSF1I is required for the expression of myocardial collagen
proteins induced by ISO. Though disease processes and

origins may differ, excess deposition of fibrillar collagens
type I and III characterizes fibrosis in the heart (29). To
investigate the effect of HSF1 on the protein expression of
western blot analysis was performed. As shown in Fig. 2, the
protein expression of collagen type I and III only began to
increase after 8 days, and was significantly upregulated after
14 days of ISO injection. However, IGF-1 treatment inhibited
the upregulation of the protein expression of collagen type I
and III. In HSF-/+ mice, the effect of ISO was similar to
that in Kunming mice (Fig. 3). By contrast, in HSF-/- mice,
the expression of collagen proteins (types I and IIT) was not
found to significantly alter, even after 14 days of ISO injec-
tion (Fig. 3). These results suggested that HSF1 is required
for expression of myocardial collagen proteins (type I and
IIT) induced by ISO in mice.

ISO mediates HSFI protein activation. The above results
demonstrated that HSF1 is required for myocardial fibrosis
and collagen protein expression induced by ISO in mice. As
HSF1 is a transcription factor, the present study hypothesized
that ISO-induced expression of collagen proteins is directly
or indirectly dependent on the transcriptional functions of
HSFI1. To test this hypothesis, HSF1 activation was first
examined by immunohistochemistry. As shown in Fig. 4A,
HSF1 protein expression in the nuclei of cardiac cells from
Kunming mice and HSF1-/ + mice after treatment with ISO
for 14 days was significantly increased, but this induced
increase in nuclear HSF1 protein was inhibited by IGF-1
(Fig. 4A).
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The activation of HSF1 protein involves its phosphory-
lation, which leads to its nuclear tanslocation. To further
investigate whether HSF1 activation is induced by ISO,
phosphorylated HSF1 (p-HSF1) was detected using western
blot analysis. As shown in Fig. 4B, ISO treatment induced an
increase in p-HSF1 in Kunming as well as in HSF1-/+ mice.
The results suggested that HSF1 activation is required for
[SO-induced myocardial fibrosis in mice.

HSPA47 upregulation induced by ISO is dependent on HSF1
and correlates with that of collagen proteins. HSF1 regu-
lates expression of HSPs. Among HSPs, HSP47 is closely
associated with fibrosis (18). Therefore, the present study
investigated the expression of HSP47 in mouse models of
myocardial fibrosis induced by ISO. As shown in Fig. 5, in
Kunming mice, HSP47 protein expression was induced after
96 h of ISO injection and was markedly increased after injec-
tion for 336 h, while IGF-1 treatment inhibited this induced
expression (Fig. 5A and B), which correlates with upregula-
tion of collagen I and III. Similarly, after treatment with ISO
for 336 h, HSP47 protein expression was markedly increased
in HSF1-/+ mice, while this increase was inhibited by IGF-1
intervention (Fig. 5C and D). However, HSP47 expression
was not induced by ISO treatment in HSF1-/- mice, even after
336 h (Fig. 5). These results suggested that HSF1 is required
for HSP47 expression induced by ISO.

In order to investigate whether the increase in HSP47 protein
is dependent on its transcription, HSP47 RNA was examined
by RT-qPCR. As shown in Fig. 6, in Kunming and HSF1-/+
mice, treatment with ISO induced an increase in HSP47 mRNA
levels, which was inhibited by IGF-1, but ISO did not induce any
increases in HSP47 mRNA in HSF1-/- mice, which was consis-
tent with the effects observed regarding protein expression. All
of these results indicated that ISO induces HSP47 expression,
possibly through HSF1-mediated increases in its transcription.

Discussion

It is well known that continuous use of [3-agonist ISO causes
myocardial hypertrophy and myocardial fibrosis in rats, which
may be due to cardiac hypertrophy and the activation of
fibrosis-associated signaling pathways, including mitogen-acti-
vated protein kinase, c-Jun N-terminal kinase/signal
transducer and activator of transcription and nuclear factor kB
by ISO (30,31). In the present study, it was demonstrated
that subcutaneous injection of ISO in Kunming mice and
HSF1-/+ mice caused myocardial hypertrophy, leading to
severe fibrosis, accompanied by a significant increase in the
expression of collagen type I and III, indicating that the animal
model of myocardial fibrosis was successfully established,
consistent with other studies (27,32-34). Of note, subcutaneous
injection of ISO did not cause any myocardial fibrosis in
HSF1-/- mice, indicating that HSF1 is required for myocardial
fibrosis in mice, at least in the mouse model induced by ISO.
As a transcription factor activated HSF1 regulates the expres-
sion of other genes (35,36). Immunohistochemical analysis
showed that, in Kunming and HSF1-/ + mice, ISO induced
large amounts of HSF1 protein in cardiac nuclei, indicating
that it may function as a transcription factor in the process of
cardiac fibrosis.
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As a transcription factor, HSF1 mainly regulates the
expression of HSPs. Among the known HSPs, HSP47 is
most closely associated with myocardial fibrosis. Therefore,
the present study assessed the possibility of HSF1 regulating
the expression of HSP47. It was found that in Kunming and
HSF1-/+ mice, ISO induced myocardial fibrosis, accompanied
with HSP47 upregulation. However, the use of ISO did not
induce myocardial fibrosis in HSF1-/- mice, nor did it increase
in HSP47 expression, suggesting that HSP47 upregulation is
regulated by HSF1. Bioinformatics analysis further showed
that the HSP47 promoter region contains HSF1 binding sites.
Therefore, HSF1 directly regulates the expression of HSP47 in
this model.

In the present study, the role of IGF-1 in cardiac fibrosis
was also examined. The results showed that IGF-1 inhibited
ISO-induced myocardial fibrosis and also inhibited HSP47
expression and activation of HSF1. Taking into account the
regulation of the expression of HSP47 by HSF1 and the inhibi-
tion of fibrosis and HSP47 expression in HSF1-/- mice, it was
speculated that IGF-1 downregulates HSP47 expression by
inhibiting the activation of HSF1, and that HSP47 may affect
the synthesis of collagen protein; however, the detailed under-
lying molecular mechanisms remain to be elucidated.

In conclusion, the present study successfully induced
myocardial fibrosis in mice through treatment with ISO. It was
demonstrated that HSF1 is required for myocardial fibrosis in
this animal model. As myocardial fibrosis was accompanied
by elevated HSP47 levels, it was suggested that HSP47 may
have an important role in myocardial fibrosis. The exact under-
lying molecular mechanisms remain to be elucidated in future
studies.
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