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KLF15 is a protective regulatory factor of heart
failure induced by pressure overload

SHU-FAN ZOU', YANG YU!, YAN PENG?, YING-BIN XIAO!, ZHAO JIAN',
YUN-HAN JIANG!, SAI CHEN'!, FU-QIN TANG!' and LIN CHEN!

1Departrnent of Cardiovascular Surgery, Xinqiao Hospital Affiliated to Army Medical University, Chongqing 400030;
2Department of Cardiology, Daping Hospital Affiliated to Army Medical University, Chongqing 400042, PR. China

Received April 12, 2019; Accepted December 9, 2019

DOI: 10.3892/mmr.2020.10913

Abstract. The aim of the present study was to investigate
the protective effect of Kruppel-like factor 15 (KLF15) over-
expression on heart failure (HF) induced by left ventricular
(LV) pressure overload in mice. Wild-type (WT) mice and
cardiac-specific KLF15-overexpressed transgenic (TG)
mice were selected as research subjects, and an LV pres-
sure overload model was constructed by ascending aortic
constriction surgery. Changes in cardiac morphology and
function, and ultrastructure and molecular expression were
observed via M-mode echocardiography, histological and
immunohistochemical staining, ELISA and western blotting
at 2 and 6 weeks of LV overload. WT and TG mice subjected
to 2 weeks of overload displayed adaptive LV hypertrophy
characterized by ventricular thickness, cardiomyocyte size,
ejection fraction and fractional shortening of heart-lung
weight ratio and KLF15, and increases in vascular endothelial
growth factor (VEGF) expression without other pathological
changes. WT mice subjected to 6 weeks of overload displayed
enlargement of the LV chamber, severe interstitial remodeling,
and HW/LW, cardiac capillary and heart function decline,
accompanied by downregulated expression of KLF15 and
VEGF, and upregulated expression of connective tissue
growth factor, phosphorylated p38 (p-p38) and phosphorylated
Smad3 (p-Smad3). In contrast, TG mice exhibited improved
resistance to 6 weeks of overload and a slighter molecular
expression response compared with WT mice. KLF15 was
revealed to be a critical factor regulating the expression of
CTGF, VEGEF, p-p38 and p-Smad3, and could alleviate the
progression from adaptive LV hypertrophy to decompensatory
cardiac insufficiency.
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Introduction

Aortic valve stenosis is a common disease of left ventricular
(LV) overload, resulting in heart failure (HF) and mortality.
Surgery is considered as the main treatment in the unload
process (1). The benefits of surgery can differ greatly between
patients. In a proportion of patients who had a long course of
disease, there was little improvement in heart function (2).
Furthermore, these patients were subjected to higher perioper-
ative risk and surgical mortality (3). Myocardial ultrastructural
changes induced by LV pressure overload was deemed to be
a major molecular event hindering cardiac function recovery.
Therefore, it is essential to investigate the changes in myocar-
dial ultrastructure over different periods of LV overload, as
well as the underlying molecular mechanisms, in order to
develop clinical treatments.

Previous studies have demonstrated that following
an initial period of LV overload, adaptive left ventricular
hypertrophy (LVH) maintained the cardiac output against an
increasing resistance to ejection (4,5), which was character-
ized by cardiomyocyte hypertrophy and ventricular wall
thickening. Gradually, the adaptive LVH changed into cardiac
insufficiency, and even heart failure (HF), if the condition of
pressure overload continued (6). A large number of studies
have used failing heart tissue to demonstrate pathological
changes, including severe interstitial fibrosis and excessive
collagen I and III deposition (7,8). The heart function was
hardly improved and was reversed at this stage, even if the
pressure overload was relieved (9). A study by Oka et al (10)
also demonstrated that the density of capillaries was greatly
decreased, and that the microcirculation of myocardium was
in a state of hypoxia. Therefore, the present study speculated
that various pathological changes in the myocardial intersti-
tium, rather than in the cardiomyocytes, may be the cause
of irreversible impairment of cardiac function, however the
molecular mechanism underlying the progression of adaptive
LVH to HF induced by LV overload remains unclear.

Kruppel-like factor 15 (KLF15), a member of the
Kruppel-like factors (KLFs), which are a subclass of the
zinc-finger family of transcriptional regulators, is known to
participate in a diverse range of biological processes, such
as cell proliferation, differentiation, migration and apop-
tosis (11,12). Over the past decade, research has focused on its
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vital protective effect in the cardiovascular field. It has previ-
ously been demonstrated that KLF15 is expressed in myocardial
tissue and notably decreased in HF tissue, both in rodents and
humans (13). A previous study also revealed that the expression
of KLF15 was decreased in prolonged LV pressure overload in
rats, and sustained low expression after unloading, accompa-
nied by severe collagen deposition and interstitial fibrosis (9).
Another study demonstrated that under conditions of aortic
constriction, KLF15 null(-/-) mice lapsed into HF in a short
time compared with wild-type (WT) mice (14). It was recently
verified that KLF15 could stimulate the process of endothelial
cell proliferation and transformation into tube-like structures
in vitro (15). Overall, the expression level of KLF15 was nega-
tively associated with the development of the HF process, and
the present study speculated that KLF15 could protect heart
function by means of inhibiting cardiac interstitial remodeling
and promoting angiogensis. However, the precise underlying
molecular mechanism remains unknown. The present study
constructed a mouse model of ascending aortic constriction
(AAC) (9) and included cardiac-specific KLF15-overexpressed
transgenic mice to clarify the pathological progression and
molecular mechanism underlying LV pressure overload.

Materials and methods

Cardiac-specific KLF15-overexpressed transgenic mice.
The vector pRP.ExSi-aMHC-KIf15 was constructed and
microinjected into the oosperm of C57BL/6J mice. Following
surrogacy and PCR identification, two cardiac-specific
KLF15-overexpressed transgenic (TG) founders were obtained.
All the aforementioned processes were completed by Cyagen
Biosciences, Inc. The founders were mated with wild-type (WT)
mice to obtain F1 generation mice. Tail DNA was extracted for
PCR detection by Premix Taq (Takara Bio). According to the
protocol by Cyagen Biosciences, Inc., the forward primer for the
transgene was 5'-AGAAGCAGGCACTTTACATGG-3, and the
reverse primer was 5-AGAAGCAGGCACTTTACATGG-3'.
The transgene PCR product size was 333 bp. Total cardiac
protein from the F1 generation of mice that was identified as
positive was extracted in order to assess the expression of KLF15
via western blotting and for screening the KLLF15-overexpressed
mice in the following study (16).

LV pressure overload animal model establishment. All proce-
dures abided by the Guide for the Care and Use of Laboratory
Animals (Department of Health and Human Services publica-
tion no. NIH 78-23,1996) and were approved by the Committee
on Animal Research of Army Military Medical University,
Chongqing, China. Male C57BL/6J WT mice, 8-10-weeks of
age, weighing 21.0-25.0 g, were provided by the Experimental
Animal Center of Xinqiao Hospital, and cardiac-specific
KLF15-overexpressed transgenic (TG) mice were provided by
Cyagen Biosciences, Inc. The mice were used to construct the
LV overload models by means of an AAC surgery without arti-
ficial ventilation. All mice were deprived of food and allowed
a small amount of water 8 h before surgery.

The present study used 1.2% tribromoethyl alcohol
(0.24 mg/g) as an anesthetic by intraperitoneal injection and
fixed the overturned mice. A transverse skin incision was then
made in the suprasternal fossa after shaving and sterilizing.
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The sternum was cut lengthwise to the level of the second rib
and the soft tissue was blunt dissected from the superficial
trachea. The upper ascending aorta was exposed after the
separation of the thymus, 4-0 sutures encircled the ascending
aorta and a 27-gauge needle was placed parallel to it. The
needle was withdrawn rapidly after binding. The aforemen-
tioned procedure was performed with care in order to avoid
damage to pleura and causing pneumothorax. The diameter
of the ascending aorta dropped to ~50% after banding and the
incision was closed when the respiration and heartbeat were
stable. Following surgery, the mice were allowed to eat and
drink freely. A proportion of mice underwent a sham opera-
tion as a negative control.

The mice were divided into eight groups as follows:
i) WT mice 2-weeks sham group (WT sham2w); ii) WT mice
6-weeks sham group (WT sham6w); iii) TG mice 2-weeks
sham group (TG sham2w); iv) TG mice 6-weeks sham group
(TG sham6w); v) WT mice 2-weeks aortic banding (WT
AB2w); vi) WT mice 6-weeks aortic banding (WT AB6w);
vii) TG mice 2-weeks aortic banding (TG AB2w); viii) TG
mice 6-weeks aortic banding (TG AB6w).

Echocardiographic measurements of heart morphology and
function. After being anesthetized by 1.2% tribromoethyl
alcohol intraperitoneal injection, each group of mice was
assessed using the M-mode echocardiography of VEVO
2100 Imaging system to measure heart rate (HR), systolic
left ventricular posterior wall thickness (LVPWs), diastolic
left ventricular posterior wall thickness (LVPWd), systolic
interventricular septal thickness (IVSs), diastolic interven-
tricular septal thickness (IVSd), left ventricular end systolic
inside diameter (LVIDs), left ventricular end diastolic inside
diameter (LVIDd), ejection fraction (EF) and fractional short-
ening (FS) 2 and 6 weeks after surgery.

Heart-lung weight ratio measurement. Each group of mice was
anesthetized by 4% isoflurane inhalation and decapitated. The
hearts and lungs were removed at the corresponding time. The
attached adipose and vascular tissue was excised and residual
blood was washed away with phosphate-buffered saline (PBS).
The heart weight (HW) and lung weight (LW) were measured
using precision electronic scales (Sartorius, Inc.) after drying
them gently with sterile gauze and the HW/LW ratio was
calculated.

Histological analysis of heart microstructural changes.
Myocardial tissue was preserved with polyformaldehyde
and cryopreservation. Each specimen was sectioned to a
5-um thickness after embedding in paraffin. Hematoxylin
and eosin (H&E) (Beijing Solarbio Science & Technology
Co., Ltd.) staining and Masson staining (Beijing Solarbio
Science & Technology Co., Ltd.) were used to assess the
myocardial morphology and level of fibrosis. For Masson
staining, the paraffin sections were deparaffinized, washed,
and stained with hematoxylin staining solution for 5-10 min
at room temperature. Next, the sections were stained with
Masson Ponceau acid fuchsin solution for 5-10 min at room
temperature, followed by immersion cleaning in 2% glacial
acetic acid aqueous solution then differentiation with 1% phos-
phomolybdic acid aqueous solution for 3-5 min, and staining
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Figure 1. Establishment and identification of cardiac-specific KLF15 overexpression in transgenic mice. (A) Construction of the vector pRP.ExSi-aMHC-KIf15.
(B) The specific expression of KLF15 factor in myocardial tissue was determined by western blotting. (C) Quantitative analysis of the expression of KLF15

factor in myocardial tissue. “P<0.05. KLF15, Kruppel-like factor 15.

with aniline blue or light green solution for 5 min. Finally, the
sections were mounted in neutral gum. For H&E staining, the
paraffin sections were dewaxed twice in xylene (10 min each).
Sections were rehydrated sequentially in descending series of
alcohol for 5 min each in anhydrous, 90, 80 and 70% alcohol.
Sections were then treated with phosphate buffered saline for
2 min. Specimens were stained by immersing in hematoxylin
for 10 min at room temperature, treated with 1% acid alcohol
for 3 sec, washed with running water for 10 min, washed with
distilled water for 2 min, stained with 0.5% eosin for 3 min
and washed with distilled water for 2 sec. Specimens were then
dehydrated twice in 95% ethanol for 2 min each and cleared
by treating twice with xylene for 5 min each. Sections were
then mounted in neutral balsam. The specific marker CD31
on vascular endothelial cells (VECs) was exposed by immu-
nohistochemical (IHC) staining to assess myocardial vascular
density and distribution (17). The changes were collected and
observed using a Leica DMIRB light microscope.

ELISA for assessment of collagen I and Il deposition. The
myocardial tissue of each group was ground to homogenate
and the protein was extracted. Collagen type I and III were
analyzed using an ELISA kit (FANKEWEI Bioscience,
Inc.) according to the manufacturer's protocol, and statistical
analyses were performed by comparing the standard curve.

KLFI15,CTGF and VEGF expressionlevels and Smad3 and p38
phosphorylation levels detected via western blotting. Western
blotting was performed to identify the differential expression
levels of KLF15, CTGF, VEGF, p-p38, t-p38, p-Smad3 and
t-Smad3 in each group. Proteins were extracted from an appro-
priate amount of ground frozen heart tissue by Cell Extraction
Buffer (Thermo Fisher Scientific, Inc.) according to the
manufacturer's instructions. The protein concentrations of the
samples were measured using the BCA method. SDS-PAGE
buffer was added to the samples at a unified dilution, boiled for
8 min and stored at 4°C. SDS-PAGE (10%) was performed on
20 pg of each sample at 95 V for 120 min, followed by electro-
phoretic transfer to a polyvinylidene difluoride membrane at
15 V for 50 min. The bands were incubated at 4°C for 2 h. The
samples were then incubated with rabbit anti-mouse KLF15
(1:1,000, AV32587, Sigma-Aldrich; Merck KGaA), CTGF
(1:1,000, ab6992, Abcam), VEGF (1:2,000, ab46154, Abcam),
p-p38 (1:1,000, ab4822, Abcam), t-p38 (1:1,000, ab170099,
Abcam), p-Smad3 (1:2,000, ab52903, Abcam), t-Smad3
(1:1,000, ab40854, Abcam) and GAPDH (1:10,000, ab181602,
Abcam) antibodies at 4°C overnight. The following day, the
samples were washed with PBST three times, followed by the
addition of horseradish peroxidase-labeled goat anti-rabbit
IgG (1:10,000, 31460 Invitrogen; Thermo Fisher Scientific,
Inc.) and incubated at room temperature for 1 h. The samples
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Table 1. Heart weight, lung weight and heart weight/lung weight ratio at 2 weeks after aortic banding.
Sham AB
Parameter WT (n=5) TG (n=5) WT (n=5) TG (n=5)
HW (mg) 113.2+4.009 112.2+5.128 129.8+3.114* 128.9+£3.794*
LW (mg) 136.5+2.368 134.14£2.183 133.9+£3.270 135.1+£1.497
HW/LW (mg/mg) 0.831+0.035 0.835+0.026 0.973+0.041* 0.954+0.022°

?P<0.05 vs. the corresponding sham. Data are represented as the mean + SEM. Sham, sham-operated; AB, aortic banding; WT, wild-type mice;
TG, transgenic mice; HW, heart weight; LW, lung weight; HW/LW, heart-lung weight ratio.

Table II. The heart weight, lung weight and heart weight/lung weight ratio at 6 weeks after aortic banding.

Sham AB
Parameter WT (n=5) TG (n=5) WT (n=5) TG (n=5)
HW (mg) 121.2+4.028 120.9+4.574 131.9+1.375* 128.0+2.975
LW (mg) 144.1£2.357 141.8+3.644 194.8+2.159° 167.1+2.768°¢
HW/LW (mg/mg) 0.843+0.041 0.852+0.020 0.678+0.010° 0.768+0.025%°

"P<0.05 and °P<0.01 vs. the corresponding sham. ‘P<0.05 vs. WT AB. Data are represented as the mean = SEM. AB, aortic banding;
WT, wild-type mice; TG, transgenic mice; HW, heart weight; LW, lung weight; HW/LW, heart-lung weight ratio.

were rinsed again with PBST three times, stained with ECL
reagent (Thermo Fisher Scientific, Inc.), and imaged with a
Bio-Rad gel imaging system (Bio-Rad Laboratories). Quantity
One software was used to analyze the gray value of the bands
using GAPDH as the reference.

Statistical analysis. Experimental data were presented as the
mean =+ standard error. The statistical difference was compared
in each group using a one-way ANOVA, followed by a post
hoc Tukey's test. All tests were performed using SPSS soft-
ware (version 13.0; SPSS, Inc.) and GraphPad Prism software
(version 7.0; GraphPad Software, Inc.). P<0.05 was considered
to indicate a statistically significant difference.

Results

Cardiac expression of KLFI5 is increased in TG mice
compared with WT mice. The construction of the vector pRP.
ExSi-aMHC-KIf15 (Fig. 1A) and integration of target genes
was completed by Cyagen Biosciences, Inc. Ultimately, the
present study obtained two TG founders, named founder 1
and founder 2. After mating with WT mice and identifying
the F1 generation through tail DNA using PCR, 4 and 5 mice
were identified as positive from the founder 1 and founder
2 mice, respectively. The present study then extracted total
heart protein and examined the expression levels of KLF15
factor in myocardial tissue using western blot analysis, and
quantified the average gray value with WT mice as a control.
The results revealed that a basic expression level of KLF15
existed in WT mice, and the expression of KLF15 in the F1
generation of founder 1 was higher than in the F1 generation

of founder 2 and WT mice (Fig. 1B). The difference was
statistically significant (P<0.05; Fig. 1C). Founder 1 and its
F1 generation were identified as positive and considered a
suitable strain of KLF15 overexpression in the following
study.

Mice survival. During the AAC surgery, the total mortality
rate was ~16.7%. The main causes of death were pneumothorax
(~4.2%), massive hemorrhage (~8.3%) and acute heart failure
(~4.2%). The mortality rate of the sham operation was 0. All
mice in each group survived to the corresponding time-point
after surgery, indicating that the degree of constriction was
appropriate.

TG mice have delayed LV diameter increase and heart function
decline. M-mode echocardiography is a dynamic curve image
formed by light spot groups of the heart movement via mono
beam scanning. IVS, LVID and LVPW are displayed from top
to bottom. Fig. 2A demonstrates that the wave amplitude and
ventricular wall thickness of WT AB2w and TG AB2w groups
were markedly increased compared with the sham groups. In
addition, AB2w induced a visible decrease in the LV chamber
at the systolic period. Conversely, AB6w groups displayed an
eccentric structural change featuring a weak amplitude and an
enlargement of the LV chamber that was more evident in WT
mice than in TG mice.

In addition, the present study assessed the HR,IVS,LVID,
LVPW, EF and FS of each group for statistical analysis. As
presented in Fig. 2B, the parameters did not differ between
the WT sham and TG sham mice. At 2 weeks after aortic
banding, the ventricular wall was significantly thicker and
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Figure 2. The effects of KLF15 on cardiac morphology and function measured by M-mode echocardiography. (A) M-mode echocardiography images via long
axial section of the left ventricle. (B) Statistical results of the HR, IVSd, IVSs, LVPWd, LVPWs, LVIDd, LVIDs, EF, and FS of indicated groups (n=5 mice per
group) by M-mode echocardiography of VEVO 2100 Imaging system. Data are represented as the mean + SEM. "P<0.05; “P<0.01. Kruppel-like factor 15; HR,
heart rate; IVSd, diastolic interventricular septal thickness; IVSs, systolic interventricular septal thickness; LVPWAd, diastolic left ventricular posterior wall
thickness; LVPWs, systolic left ventricular posterior wall thickness; LVIDd, left ventricular end diastolic inside diameter; LVIDs, left ventricular end systolic
inside diameter; EF, ejection fraction; FS, fractional shortening; WT, wild-type; TG; transgenic; AB, aortic banding.

heart function compensation had increased in the AB groups
compared with those in the corresponding sham groups
(P<0.05), however the chamber diameter exhibited no signifi-
cant difference. At 6 weeks after aortic banding, WT mice
rather than TG mice demonstrated a significant decrease of
EF and FS (P<0.01) and an increase of LVID compared with
those in the sham groups (P<0.05). HR did not differ among
the groups (P>0.05).

TG mice alleviate the HW/LW decline induced by aortic
banding for 6 weeks. Compared with the sham groups, the LW
of WT mice and TG mice did not significantly change under LV

overload conditions for 2 weeks, however, the HW and HW/LW
increased. There was no significant difference between the WT
mice and TG mice in the sham and AB groups, respectively
(Table I). However, the LW of WT mice and TG mice with LV
overload for 6 weeks was significantly higher and the HW/LW
was lower than that of the sham mice, WT mice had a higher
degree of change compared with TG mice. There was no signifi-
cant difference in HW among groups (Table II).

Milder pathological changes in the myocardial interstitium of
TG mice 6 weeks after aortic banding. H&E staining of myocar-
dial sections in WT AB2w and TG AB2w groups revealed
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Figure 3. Myocardial ultrastructural changes induced by pressure overload and KLF15 overexpression. (A) H&E staining of myocardial tissue sections in each
group. Scale bar=50 ym. (B) Masson staining of myocardial tissue sections in each group and quantitative measurement of fibrotic area ratio. Scale bar=50 ym.
(C) IHC staining of the specific marker CD31 on VECs and quantitative measurement of positive staining ratio. Scale bar=50 ym. "P<0.05; “P<0.01. Kruppel-like
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Figure 4. Content of collagen I and collagen III assessed by ELISA. (A) Content of collagen I in each group assessed by ELISA compared to the standard curve.
(B) Content of collagen III in each group assessed by ELISA compared to the standard curve. Data are represented as the mean = SEM (n=5). “P<0.01. WT,

wild-type; TG; transgenic; AB, aortic banding.

increased cardiomyocyte size and larger nuclei compared
with the sham groups, and the cells were arranged regularly in
both the sham and AB2w groups. Myocardial sections of mice
subjected to aortic banding for 6 weeks (WT AB6w and TG
AB6w) exhibited a shrinkage and irregular arrangement of
cardiomyocytes compared with AB2w groups, and this was
more evident in WT mice than in TG mice (Fig. 3A). Masson
staining revealed that aortic banding after 2 weeks did not induce
cardiac interstitial fibrosis in either WT or TG mice. WT mice
appeared to have severe fibrosis distributed in the myocardial
interstitium primarily around the blood vessels compared with
TG mice at 6 weeks after aortic banding, which was statistically
significant (P<0.01; Fig. 3B). As a specific marker for VECs,
CD31 was demonstrated in brown via IHC staining. In WT
and TG mice, the density was decreased in the AB6w groups
compared with the sham groups (P<0.01). In addition, the TG
AB6w group exhibited a higher density of CD31 than the WT
AB6w group (P<0.05). No significant difference was observed
between the sham groups and AB2w groups (P>0.05; Fig. 3C).

Decreased collagen deposition in TG mice is induced by aortic
banding for 6 weeks. When compared with the standard curve
for quantification, the content of collagen I and III in myocar-
dial tissue assessed by ELISA tended to coincide with the
fibrosis demonstrated by Masson staining. Collagen I and III
levels of TG and WT AB6w groups were increased compared
to their corresponding sham groups (P<0.01,) and there was
also a statistically significant difference observed between
these two groups (P<0.01) (Fig. 4). No significant difference
was observed among the sham groups.

TG mice suppress CTGF upregulation and VEGF downregu-
lation mediated by p-Smad3 and p-p38. The present study
assessed the expression levels of KLF15, CTGF, VEGF, Smad3
and p38 phosphorylation in each group using western blot
analysis, and quantified the expression using the average gray
value to investigate the role of each protein in the pathological
progression of LV overload. The results revealed that under
2 weeks overload, the expression levels of CTGF and p-p38
were low and there was no significant difference between each
group. The expression of VEGF and p-Smad3 were increased

in the WT AB2w and TG AB2w groups compared with the
corresponding sham groups, but there was no statistically
significant difference between the two groups. Compared with
the WT sham2w group, the expression of KLF15 was upregu-
lated in the TG sham2w, WT AB2w and TG AB2w groups,
but there was no statistically significant difference among the
three groups.

Under 6 weeks overload, the expression of p-p38 and
p-Smad3 were upregulated in the WT AB6w and TG AB6w
groups compared with the corresponding sham groups, but
there was no statistically significant difference between the
two groups. Furthermore, AB induced increased expression
of CTGF and decreased expression of VEGF compared with
the corresponding sham groups, which was even more evident
in WT mice than in TG mice. The expression of KLF15 was
downregulated in the WT AB6w group compared with the
sham and TG AB6w groups (Fig. 5B).

Discussion

The present study demonstrated the histological and
molecular expression changes in the pathological develop-
ment process of LV overload in mice. An AAC operation
was used instead of traverse aortic constriction (TAC)
operation, which is regarded as a classic way to construct
the ventricular hypertrophy model (18) to simulate the patho-
logical process of LV pressure overload. The results of the
present study demonstrated that in WT mice subjected to
aortic banding for 2 weeks (WT AB2w), ventricular thick-
ness, heart weight and capillary density increased, and LV
systolic diameter decreased for enhancing contractility, EF,
FS and KLF15 expression increased without other patho-
logical changes. Gradually, the adaptive hypertrophy was
turning into decompensation. At 6 weeks of aortic banding,
WT mice exhibited a notable increase in LV diameter and
lung weight, and a decrease in EF and FS, with an irregular
arrangement of cardiomyocytes, severe interstitial fibrosis,
collagen deposition and capillary density decline, accom-
panied by downregulated expression of KLF15 and VEGF,
and upregulated expression of CTGF, p-p38 and p-Smad3.
Notably, TG mice exhibited an improved level of resistance
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CTGF, VEGF, p-Smad3, t-Smad3, p-p38, t-p38 expression in each group. (B) Quantitative measurement of KLF15, CTGF, VEGF, p-Smad3, t-Smad3, p-p38,
t-p38 expression levels in each group. "P<0.05; “P<0.01. Kruppel-like factor 15; VECs, vascular endothelial cells; VEGF, vascular endothelial growth factor;
p-p38, phosphorylated p-38; p-Smad3, phosphorylated Smad3; WT, wild-type; TG; transgenic; AB, aortic banding.

than WT mice to prolonged LV pressure overload, and
alleviated LV chamber enlargement, interstitial fibrosis,
collagen deposition and capillary density decrease, and
improved heart function compared with the WT mice. This
model demonstrated different changes in compensatory and
decompensatory stages at two time-points, including cardiac
morphology, ultrastructure and molecular expression.

Compared with the classical TAC model, the AAC model
could highlight the effect of mechanical pressure on the
development of ventricular hypertrophy and decrease the
interference of neurohumoral factors induced by increasing
blood pressure in the brain. In addition, the whole procedure
avoided endotracheal intubation and artificial ventilation, and
increased the efficiency of model construction. This model
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effectively revealed myocardial interstitial remodeling rather
than enlargement of individual cardiomyocytes associated
with heart function decline, and non-cardiomyocytes in the
heart played a significant role in the development process from
the compensatory period to the decompensatory period. In
fact, non-cardiomyocytes account for ~70% of the total cell
number in cardiac tissue, with the majority being fibroblasts
and endotheliocytes (19). Previous studies have confirmed that
under prolonged mechanical stimulation, cardiac fibroblasts
transform into myofibroblasts participating in collagen secre-
tion, elastin synthesis and interstitial fibrosis (20). Excessive
collagen deposition and formation of collagen fibers resulting
in extracellular matrix (ECM) remodeling promote LV inflex-
ibility and the compressive deformation of cardiomyocytes
contribute to cardiac insufficiency (21). Meanwhile, anatomic
remodeling leads to electrophysiological changes and aggra-
vated heart function (22). Furthermore, increased myocardial
oxygen consumption, diffusion distance and capillary constric-
tion caused by pressure overload place the myocardium in a
state of microcirculation hypoxia and contractile dysfunc-
tion (23). Angiogenesis, as a vital physiological and pathological
process in the inflammatory response and oncology (24), may
be a therapeutic strategy towards HF recovery. In the present
study, the density of vascular endotheliocyte specific marker
CD31 in each group was positively associated with the corre-
sponding EF and FS values. The proliferation and migration of
endotheliocytes involved in angiogenesis display an effective
compensation to a certain degree.

KLF15 has been demonstrated to be a key factor in
cardiac remodeling (25,26). A previous study demonstrated
that under LV pressure overload, activated Smad3 promoted
the expression of downstream CTGF, which was considered
to be a classic pathway in the initiation of interstitial remod-
eling (27). Other studies have demonstrated that prolonged
aortic constriction in rats could activate p38 mitogen-activated
protein kinase (p38-MAPK) in cardiomyocytes, and would
remain in sustainable activation even after LV pressure
unload (25). The present study also revealed several new find-
ings associated with KLF15. For one, the expression of KLF15
was revealed to be negatively associated with myocardial inter-
stitial remodeling, rather than adaptive LVH. Under 2 weeks
of overload, a compensatory increase of KLF15 expression
inhibited p-Smad3/CTGF pathway and promoted angiogen-
esis by positively regulating VEGF expression, which may be
a critical mechanism in repressing interstitial remodeling and
maintaining heart function. In addition, the activation of p38
induced by LV pressure overload for 6 weeks could suppress
the expression of KLF15, and low expression of KLF15 lost its
ability to inhibit CTGF expression and angiogenesis by regu-
lating VEGF expression, resulting in occurrence of myocardial
interstitial remodeling and HF. Furthermore, the present study
used KLF15-overexpressed TG mice to identify that the
downregulated expression of KLF15 was not a consequence of
myocardial interstitial remodeling, but it was a crucial factor
in regulating pathways of anti-fibrosis or angiogenesis for
preventing interstitial remodeling and HF (28).

However, these findings also raised some questions. First,
AAC surgery was an acute coarctation process, which was
different from the chronic development of rheumatic aortic
stenosis. In the clinical practice, the compensatory period of
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cardiac function in patients with LV pressure overload was
much longer than what was demonstrated in the present study.
Additional delayed response factors may be involved in the
LV remodeling process. Furthermore, it was still not clear
whether the beneficial changes of protecting heart function
were regulated by KLF15 in myocardiocytes independently
or by a complex cross-talk between the non-myocardiocytes
and myocardiocytes. Future studies would clarify this by
establishing the co-culture system of myocardiocytes and
non-myocardiocytes in vitro. Overall, KLF15 may be helpful
in determining the optimum surgical timing and the evalua-
tion of prognosis. Exogenous administration of KLF15 may
play an important role in delaying heart failure in patients with
LV overload disease in clinical treatment.

HF induced by pressure overload was revealed to be
closely associated with myocardial interstitial remodeling,
and KLF15 was the critical factor regulating the expression of
CTGF, VEGEF, p-p38 and p-Smad3 to effectively alleviate the
progression of HF through repression of interstitial remodeling
and the promotion of angiogenesis.
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