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Abstract: Objectives: To elucidate the role of KLF15 on cardiac fibroblast in the dynamic angiogenesis in pressure-
overload cardiac remodeling. Methods: Aortic banding was performed in rats to induce pressure-overload and car-
diac hypertrophy. Part of the animals has their aorta constriction removed 3 or 6 weeks after the banding surgery. 
Cardiac function by echocardiography, cardiac tissue morphology and fibrosis, interstitial angiogenesis and KLF15 
expression were measured. The effect of KLF15 on cardiac fibroblasts and vascular endothelial cells was deter-
mined in vitro using an over-expression system by KLF15 recombinant adenovirus to investigate the role of KLF15 
in angiogenesis. Results: Pressure overload led to cardiac dysfunction, myocardial hypertrophy and fibrosis, ac-
companied with decreased capillary density. These phenotypes were associated with decreased cardiac expression 
level of KLF5. All cardiac dysfunction and hypertrophy phenotypes were slowed down or reversed by de-banding the 
constriction at an early stage (3 weeks after banding) together with a normalized cardiac KLF5 level, and partially 
reversed at a late stage (6 weeks after banding). In vitro over-expressing KLF15 in cardiac fibroblast promoted the 
formation of budding and tubular structure of endothelial cells in a three-dimensional co-cultures system, providing 
a potential causational relation between KLF15 and angiogenesis. Conclusion: Pressure-overload induced cardiac 
hypertrophy led to enhanced vascular angiogenesis which was possibly regulated by KLF15 base on both in vivo and 
in vitro data. Pressure-overload alleviation resulted in improved cardiac function, and partial reversal of fibrosis and 
angiogenesis with reversed KLF15 levels. 
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Introduction

Pressure and/or volume overload conditions 
like hypertension is highly related to the risk  
of developing chronic heart failure. Com- 
pensatory hypertrophy usually occurs at early 
stages of these patients and decompensated 
heart failure was a common event at the later 
stage [1]. There has been increasing evidence 
supporting the important role of angiogenesis 
in the pathogenesis of heart failure. Under nor-
mal circumstance, capillaries locate next to 
cardiomyocyte with vascular endothelial cells 
to cardiomyocytes of 3:1. Our published study 
showed that cardiac hypertrophy was associat-
ed with increased number of myocardial capil-
laries in the process of compensatory cardiac 

hypertrophy. In early 1941, Roberts et al. [2] 
reported that capillary density and degree of 
myocardial fibers were significantly lower in 
heart failure patients with cardiac hypertrophy. 
In a mouse model of Akt-induced myocardial 
hypertrophy, the degree of angiogenesis was 
directly related to cardiac size and function, 
suggesting that imbalance between hypertro-
phic myocardial tissue and angiogenesis could 
be a key event leading to heart failure. Evidence 
from our group and others also indicated the 
potential therapeutic value of blocking angio-
genesis at an early stage through correcting the 
imbalance between capillaries numbers and 
myocardial fibers, an early transition stage 
related to later heart failure [3].

http://www.ijcem.com
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The Krüppel-like factors (KLFs) are a class of 
the most abundant and important transcrip-
tional regulators in eukaryotes. Seventeen dif-
ferent members of KLF family have been 
reported, among which KLF15 is the most pri-
mary and important one [4] KLF15 is highly 
expressed in myocardium, vascular smooth 
muscle and skeletal muscle cells, and serves 
as an important factor in promoting the devel-
opment of cardiovascular and sports systems. 
Several studies have shown that KLF15 inhibits 
myocardial hypertrophy and fibrosis, and also 
prevents cardiac ultrastructure change in myo-
cardial remodeling including rearrangement  
of muscle fibers, interstitial fibrosis, extracellu-
lar matrix accumulation and angiogenesis [5]. 
However, among multiple pathogeneses th- 
rough which KLF15 regulates cardiac hypertro-
phy, its role in regulating interstitial angiogene-
sis is considered to be the most important [6]. 

In the present study we used a pressure over-
load animal model to test the hypothesis that 
KLF15 is a positive regulatory factor in pres-
sure overload-induced cardiac remodeling  
and angiogenesis. We further investigated the 
change of KLF15 levels and angiogenesis sta-
tus after releasing the pressure overload 
through a second surgery to remove the aorta 
constriction. Also, we took the advantage of  
in vivo system to overexpress the KLF15 in car-
diac fibroblast and studied its effect on 
angiogenesis.

Materials and methods

Animal model of pressure-induced overload 
and debanding

All procedures were strictly followed by the 
Guide of the use of Animals in Research, Testing 
and Education issued by the New York Academy 
of Sciences Ad Hoc Committee and 3R princi-
ple (Reduction, Refinement and Replacement). 
The Third Military Medical University experi-
mental animal ethics committee approved all 
procedures.

Healthy male Sprague Dawley (SD) rats (Center 
of Laboratory Animal Medicine, the Third 
Military Medical University, PR China) were 
used for this study (body weight 100-150 g). 
After anesthetizing with 2% tribromoethanol 
(250 mg/kg, i.p.), [7] animals were secured on 
the operating table in the supine position and 

non-mechanically ventilated. Incisions into the 
skin and subcutaneous fascia covering the 
suprasternal fossae, on both sides, were made 
and the incision extended from external jugular 
vein medial edge down to the sternum at the 
level of second rib joint. Trachea was then 
exposed and sternum was lifted up with right 
angle forceps with thymus separated along the 
anterior wall of the trachea. This allowed the 
ascending aorta to be exposed and a suture 
was placed around the aorta using a calibration 
blunt needle, leading to a 50% reduction in the 
inner diameter of ascending aorta (aortic band-
ing, AB). Aerosolized penicillin solution (10,000 
units) was applied to the operation field and  
the chest was closed. At 3 weeks or 6 weeks 
after the first surgery which induced pressure-
overload, second open-chest surgery was per-
formed in part of the animals to remove the 
aortic band (aortic debading, AB+DB). In sham 
operation group, the ascending aorta was dis-
sected but not ligated. All rats received daily 
treatment of penicillin (10,000 units) and bu- 
prenorphine (0.02 mg/kg) through intramuscu-
lar injection for 3 days after the operation. All 
rats were given a standard diet without restric-
tion of drinking water.

Experimental rats were divided into the follow-
ing six groups as follows: 1) Aortic banding 3w 
(AB3w) group which received pressure overload 
for 3 weeks; 2) Aortic banding 6w (AB6w) group 
which received pressure overload for 6 weeks; 
3) Early aortic debanding (DB) group (AB3w+ 
DB6w) which received a second surgery to 
remove the pressure overload for 6 weeks after 
a 3 weeks of pressure overload; 4) Advanced/
late aortic debanding group (AB6w+DB6w) 
group, which received a second surgery to 
remove the pressure overload for 6 weeks after 
a 6 weeks of pressure overload; 5) Sham3w 
group which was sacrificed 3 weeks after the 
sham operation and 6) Sham6w which was sac-
rificed 6 weeks after sham operation. 

Echocardiography for cardiac function and car-
diac hypertrophy 

All experimental rats were anaesthetized with 
tribromoethanol (50 mg/kg i.p.) [8]. Echocardio- 
graphy was performed in all rats using 5500 
Sonos, system (HP, USA) with a 15 MHz probe. 
Cardiac function parameters recorded included 
left ventricular end systolic diameter (LVESd), 
left ventricular end diastolic dimension (LVEDd), 
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inter ventricular septum at diastole (IVS) and 
left ventricular posterior wall thickness in dias-
tole (LVPW). Left ventricular ejection fraction 
(EF) and left ventricular mass index (LVMI= 
[(ExLVDd3-LVEDd3)×1.055]/body mass) were 
calculated automatically by the software of 
5500 Sonos system. 

Histology staining 

Left ventricle samples were fixed with 10% neu-
tral formalin. After dehydration with graded 
ethanol solutions, specimens were collected, 
embedded in paraffin and sectioned (4 μm). All 
slices were stained by hematoxylin and eosin 
(HE). Histological changes in the myocardium 
were observed through a microscope. Sirius 
red staining was used to measure the degree of 
fibrosis in the cardiac tissue. The percentage of 
Sirius red (+) area in each section was quanti-
fied using Image J and 5 sections of each rat 
were used for quantification and statistical 
analysis. 

Western blot

Total protein was extracted from culture cells 
with RIPA lysis buffer containing 50 mM Tris (pH 
7.4), 150 mM NaCl, 1% TritonX-100, 1% sodium 
deoxycholate, 0.1% SDS, 2 mM sodium pyro-
phosphate, 25 mM β-glycerophosphate, 1 mM 
ethylene diamine tetraacetic acid (EDTA), 1 mM 
Na3VO4 and 0.5 µg/ml leupeptin. The concen-
tration of protein samples was measured by 
Bicinchoninine acid assay (BCA). Samples were 
denatured with 5X SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) sample buffer. 
Protein samples were resolved by SDS-PAGE 
and transferred to polyvinylidene difluoride 
membrane. After blocking with 5% bovine 
serum albumin (BSA) at 37°C for 1 hour, mem-
branes were incubated with primary antibody to 
KLF15 (1:200, from GeneTex) at 4°C for over-
night. This was followed by being incubated 
with a secondary antibody (labeled with HRP)  
at 37°C for 1 hour. Finally, the protein bands 
were visualized using an immunohistochemical 
detection kit (from Abcam) and quantitatively 
analyzed using a gel image processing system 
(Bio-Rad, USA). 

Real time quantitative PCR analysis (qPCR)

KLF15 and GAPDH mRNA levels were assessed 
by a q PCR. Total RNA from either cardiac tissue 

from rat or cultured cardiac fibroblast was 
extracted using RNAiso Plus kit (Takara, China). 
The cDNA synthesis reaction was performed 
with 1 μg of total RNA, PrimeScript RT Enzyme 
Mix I (Takara, China). Amplification and detec-
tion of specific gene was performed using 
SYBR® Premix Ex Taq II (Takara, China) with an 
iCycler Detection System (Bio-Rad, USA). The 
expression level of KLF15 gene was normalized 
to GAPDH as an internal control.

Immunofluorescence

After fixation in 4% paraformaldehyde and 
dehydration with a graded series of sucrose 
solutions, the left ventricle was embedded in 
paraffin and cut into sections. Histologic sec-
tions were incubated in 0.01 mol/L phosphate 
buffer solution (PBS, pH 7.4) for 10 min at room 
temperature, followed by incubations with a 
CD31 specific antibody (1:100, BD, USA) and 
secondary antibody (1:200, Sigma, USA) 
labeled with fluorescein isothiocyanate (FITC) 
at 37°C for 30 min. Sections were washed with 
PBS for 5 min, three times. After applying a 
drop of glycerol, the specific fluorescence inten-
sity of each specimen was observed under the 
fluorescence microscopy (Leica, Germany) [9]. 
For each preparation, positive control (positive 
serum plus FITC), negative control (negative 
serum plus FITC) and fluorescent marker con-
trol (PBS plus FITC) were included for the pur-
pose of quality control. 

Cell culture

Left ventricular myocardium was obtained from 
neonatal SD rats (1-2 days of age) and cut into 
pieces. Minced tissue was digested with 0.25% 
trypsin in Hanks buffered saline solution (both 
from Gibco, USA) at 4°C overnight [10]. Cardiac 
fibroblasts were isolated and enriched by dif-
ferential centrifugation (1500 g, 5 min) and 
then were plated in 20% DMEM/F12 medium 
(Gibco, USA) [11]. Cells were cultured in an incu-
bator (Heraeus, Germany) set at 37°C and 5% 
carbon dioxide. According to the conditions of 
growth, the cardiac fibroblasts were passaged 
or frozen. 

Primary rat aortic endothelia (RAE) were pur-
chased from ATCC (USA) and endothelial cell 
growth medium-2 (EGM-2) was purchased from 
Lonza (Switzerland). The method of convention-
al vascular endothelial cell culture has been 
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previously described [12] Cells from passages 
3 to 5 were used in subsequent experiments. 

Generation and use of KLF15 adenovirus

Rat KLF15 gene was amplified with specific 
primers (forward: 5’-CGTTGTGCTGCTTTCCTG-3’ 
and reverse: 5’-GGAGGTGGGGGAGGGGAG-3’). 
The complete rat KLF15 cDNA was then cloned 
into the T vector pTA2 and transformed into 
DH10B Escherichia coli. Positive clones were 
verified by sequencing (Sangon). KLF15 was 
then sub-cloned into the adenovirus shuttle 
vector pAdTrack-CMV (cytomegalovirus) as pre-
viously described [13]. The pAdTrack-CMV-
based plasmid harboring rat KLF-15 cDNA was 
co-transformed with an adeno-5 virus back-
bone (pAdEasy-1) into BJ5183 E. coli. Positive 
viral clones were purified by ultracentrifugation 
on CsCl-gradients, re-buffered in conservation 
buffer (TrisHCl 50 mM pH 8.3, glycerol 40%, 
MgCl2 5 mM, EDTA 0.1 mM pH 8), titrated, and 
stored at -80°C until further use. Titrations 
were performed using the limiting dilution 
method with viral suspensions and 911 cells 
[14].

Cardiac fibroblasts were infected with the 
pAdTrack-CMV adenovirus expressing KLF15 
and its empty virus at a multiplicity of infection 
(MOF) of 100 for 2 days. Empty virus was used 
as control for KLF15 expression adenoviruses. 
The green fluorescent protein (GFP) was used 
as an infection success marker of both KLF15 
and empty vectors. The efficiency of transfec-
tion was verified by western blot and qPCR.

Three-dimensional culture

Fibroblasts and vascular endothelial cells (ECs) 
were co-cultured in three-dimensional, 1% pep-
tide hydrogel scaffolds (peptide sequence AcN-
RARADADARARADADA-CNH2) [15]. Cells were 
seeded at a density of 1.4×106 cells/cm2 in 1:1 
ratio. In this case, cytokines or chemokines 
secreted by fibroblasts facilitated the ECs to 
migrate, sprout, and form three-dimensional 
capillary-like networks along the peptide hydro-
gel scaffold [16]. Specific methods used are 
explained as follows: RAE were digested with 
0.25% trypsin containing EDTA and incubated 
in EGM at 37°C for 4 hours, fixed with 1% pep-
tide hydrogel, and transferred to a 24-well cul-

Figure 1. Images of rat hearts viewed by color 
Doppler echocardiography. A: Before ascend-
ing aorta coarctation; B: After constricting the 
ascending aorta; C: After releasing the band on 
the ascending aorta.
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ture plate. After a 30 minutes treatment of 
thrombin, cardiac fibroblasts with or without 
KLF15 overexpression were added to the co- 
agulated gels and co-cultured with ECs for up  
to 7 days at 37°C and 5% CO2 in culture medi-
um (10% fetal calf serum). The medium was 
changed on days 2, 4, and 6. After removing 
the medium, samples from the two groups were 
fixed with 4% paraformaldehyde and prepared 
for further study. 

Fluorescent immunohistochemistry

Cells from the above three-dimensional vessel 
model system were washed with PBS (0.01 
mol/L, pH 7.4) three times to remove parafor-
maldehyde, followed by being staining with 
FITC-lectin (10 ug/ml, Sigma, USA) at room 
temperature for 30 min. Fluorescence micros-
copy (Leica, Germany) was used to observe the 
three-dimensional cells preparations and imag-
es were taken [17].

Statistical analyses

The experimental data were represented as the 
mean ± standard deviation. All data were ana-

General situation of rat model

Although aortic banding model is a broadly 
used pressure overload model to investigate 
cardiac remodeling, removal of pressure over-
load by debanding the constriction has not 
been commonly used to investigate the effect 
of reversal of pressure overload on cardiac 
remodeling. Our study showed that animal 
could survive two consequent surgeries suc-
cessfully. Two and three animals from AB3w 
group and AB6w groups, respectively, died 
within one week after the surgery. Two animals 
in the AB6w+DB6w group died after the second 
surgery of debanding. Altogether, the banding 
and debanding groups shared similar mor- 
tality. 

Echocardiograph and left ventricular weight/
body weight ratio before and after debanding 
to remove the pressure overload

The color Doppler echocardiography showed 
that the diameter of the ascending aorta was 
approximately 2.4±0.15 cm in Sham group ani-
mals without ascending aorta banding and ves-

Table 1. Echocardiographic assessment of experimental rats’ heart function (n=10, 
_
x±s)

LVESd (mm) LVEDd (mm) IVS (mm) LVPW (mm) EF (%) LVMI (mg/g)
AB3/6w 3w 2.93±0.42a 5.31±0.50a 2.35±0.32a 2.56±0.39a 47.93±3.82a 3.11±0.69a

6w 3.25±0.61a 5.64±0.97a 2.75±0.48a 2.77±0.43a 41.02±4.17a 2.85±0.67a

AB3/6w+DB6w 3w 2.19±0.35c 4.37±0.49c 1.89±0.25c 2.12±0.38c 58.94±3.71c 2.27±0.82c

6w 2.44±0.30b,c,d 4.80±0.52b,c,d 2.17±0.31b,c,d 2.34±0.24b,c,d 52.19±2.66b,c,d 2.46±0.42b,c,d

Sham 3w 2.05±0.27 4.20±0.50 1.61±0.29 1.92±0.26 63.44±5.46 2.09±0.84
6w 2.07±0.34 4.25±0.53 1.63±0.28 2.01±0.27 64.62±3.37 1.06±0.44

NOTE: LVESd: Left ventricular end systolic diameter; LVEDd: Left ventricular end diastolic dimension; IVS: Inter ventricular 
septum at diastole; LVPW: Left ventricular posterior wall thickness in diastole; EF: Left ventricular ejection fractions; LVMI: Left 
ventricular mass index. aP<0.01 when compared with sham groups; bP<0.01 when compared with sham groups; cP<0.05 when 
compared with time-point matched AB groups; dP<0.05 when compared with AB3w+DB6w.

Table 2. The ratio of left ventricular weight to body weight in experi-
mental rats (n=10, 

_
x±s)

LVW (mg) BW (g) LVW/BW 
(mg/g)

AB3/6w 3w 802.75±190.22a 286.08±14.65 2.80±0.59a

6w 1272.22±110.72a 421.34±12.34a 3.02±0.24a

AB3/6w+DB6w 3w 1247.97±146.45b,c 581.03±14.90b,c 2.15±0.28b,c

6w 1840.63±261.57b,c,d 734.12±16.34b,c,d 2.51±0.33b,c,d

Sham3/6w 3w 379.01±131.29 290.03±15.62 1.32±0.49
6w 460.86±170.13 415.44±14.32 1.10±0.39

Note: LVW: Left ventricular weight; BW: Body weight. aP<0.01 when compared with 
sham groups; bP<0.01 when compared with sham groups; cP<0.05 when compared 
with time-point matched AB groups; dP<0.05 when compared with AB3w+DB6w.

lyzed using SAS8.0v sta- 
tistical software. Experi- 
ments with multiple groups 
were analyzed with a one-
way ANOVA, followed by 
post-hoc analysis to ana-
lyze the difference between 
two specific groups. Experi- 
ments comparing two gro- 
ups were analyzed using t 
test. Two tail P<0.05 was 
considered as statistically 
significant. 

Results
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sel wall showed smooth ultrasound signaling 
without thickness (Figure 1A). After ascending 
aorta constriction, the vessel lumen was ste-
notic with diameter decreasing to half of the 
normal value, approximately 1.2±0.10 cm 

(P<0.001 vs. Sham groups (Figure 1B). After 
debanding the aorta constriction, the ascend-
ing aortic diameter increased significantly com-
pared with banding group, reaching approxi-
mately 1.9±0.13 cm in diameter (P<0.001 vs. 

Figure 2. HE staining of the left ventricular myocardium following pressure overload or unload. A: AB3w, pressure 
overload for 3 weeks; B: AB6w, pressure overload for 6 weeks; C: AB3w+DB6w, unload for 6 weeks after pressure 
overload for 3 weeks; D: AB6w+DB6w, unload for 6 weeks after pressure overload for 6 weeks; E: Sham3w, sham 
operation for 3 weeks; F: Sham6w, sham operation for 6 weeks.
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AB groups) (Figure 1C) and indicating a suc-
cessful debanding. 

In the AB group, the myocardium presented 
concentric hypertrophy, and the heart function 
notably declined. AB caused a significant 
increase in LVESd, LVEDd, IVS, LVPW, LVMI and 
LVW/BW, and decreased EF compared to the 
sham group (all P<0.01) (Table 1), suggesting 
cardiac dysfunction. Cardiac hypertrophy refl- 
ected by IVS, LVPW and LVMI were significantly 
improved in the AB+DB groups when compared 
with AB groups at the matched time points (all 
P<0.05 vs. AB group) (Table 1). Besides, de- 
banding, which release the pressure overload, 
also led to a better cardiac function reflected by 
a significantly decreased LVESd and LVEDd, 
and a significantly increased EF (all P<0.05 vs. 
AB groups) (Table 1). Moreover, earlier correc-
tion of pressure overload led to a better cardiac 
function (P<0.05 between AB3w+DB6w vs. 
AB6w+DB6w for all parameters in Table 1).

More importantly, cardiac hypertrophy (IVS, 
LVPW and LVMI values) was significantly 
decreased in AB3w+DB6w group and systolic 
heart function (EF) was significantly improved 
compared with those of AB6w+DB6w group, 
indicating that the earlier the pressure overload 
was removed, the better the heart function 
would be (Table 1, AB3wk+DB6w and AB6w+ 
DB6w groups). Similarly, cardiac hypertrophy 
parameters including LVW and LVW/BW gradu-
ally but significantly increased after pressure 
overload for 6 weeks (Table 2). However, remov-
al of pressure overload by debanding at 3 week 

rta reversed the hypertrophy to a normal level 
(Figure 2C, 2D). 

Since inflammatory cell infiltration had been 
reported in rat pressure overload model and 
cardiac inflammation was an important pro-
fibrogenic stimulus for cardiac hypertrophy and 
dysfunction, we further checked the inflamma-
tory cell infiltration in our banding and deband-
ing models. We found that pressure overload 
led to an enhanced inflammatory cells infiltra-
tion into cardiac tissue in a time dependent 
manner. Removal of aortic constriction at an 
early stage (3 week time point) significantly 
decreased the inflammatory cells infiltration 
(P<0.01), while at a relatively late stage (6 week 
time point), debanding was associated with a 
board line decreased inflammatory cells infiltra-
tion when compared with AB group (P=0.07 
between AB 6w group and AB+DB6w group) 
(Figure 3). 

Similar to the finding of HE staining, the fibrosis 
of rats challenged with pressure-overload for 3 
weeks developed interstitial fibrosis (P<0.05 
vs. Sham 3 weeks) and prolonged pressure-
overload for 6 weeks led to a further deteriora-
tion of cardiac fibrosis (P<0.05 vs. Sham 3 
weeks and Sham 6 weeks) (Figure 4B, 4E-G). In 
contrast, removal of pressure-overload at an 
earlier or later stage resulted in a much less 
degree of cardia fibrosis (P<0.05 vs. AB3w+ 
DB6w and AB6w+DB6w; Figure 4C, 4E-G), sug-
gesting a beneficial role of reducing pressure 
overloading in protecting cardiac fibrosis.

Figure 3. Quantification inflammatory cell infiltration into cardiac tissue of 
rats in each group. 

time point led to a significa- 
ntly decreased LVW/BW and 
LVW compared with those de- 
banding performed at 6 week 
time point (Table 2). 

Morphology and fibrosis 
change of cardiac tissues

Compared with sham groups, 
HE staining of the left ventric-
ular myocardium from the AB 
group rats showed cardiomyo-
cyte hypertrophy, inflammato-
ry cell infiltration, disorder arr- 
angement of myocardial fibers 
and interstitial hyperplasia 
(Figure 2A, 2B, 2E and 2F). 
Unloading the ascending ao- 
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KLF15 gene expression levels in cardiac tis-
sues of rats

Both AB and AB+DB groups had significantly 
decreased KLF15 mRNA levels compared with 
those of their time point matched Sham group 
(P<0.01) (Figure 5, **P<0.01 between indicated 
groups). However, mRNA levels of KLF15 in 

early intervention of pressure overload corre- 
ction is of vital important.

Verified KLF15 adenovirus and empty virus 
transfection

Cardiac fibroblasts transfected with KLF15 or 
empty adenovirus attached with GFP tag show- 

Figure 4. Cardiac fibrosis of animals in each group. A: AB3w, pressure over-
load for 3 weeks; B: AB6w, pressure overload for 6 weeks; C: AB3w+DB6w, 
unload for 6 weeks after pressure overload for 3 weeks; D: AB6w+DB6w, 
unload for 6 weeks after pressure overload for 6 weeks; E: Sham3w, sham 
operation for 3 weeks; F: Sham6w, sham operation for 6 weeks; G: Quantifi-
cation with statistical analysis. 

AB3w+DB6w group significa- 
ntly increased when compa- 
red with either AB groups or 
AB6w+DB6w (P<0.01), but 
not significantly change com-
pared with Sham groups, sug-
gesting that debanding to 
reduce the pressure overload 
was associated with normal-
ized KLF15 mRNA levels. In 
addition, removal of pressure 
overload at a later time point 
(6 weeks after pressure over-
load) was able to partially 
reverse the decreased KLF15 
levels, without reaching the 
statistical significance, indi-
cating that controlling pres-
sure overload at early stage of 
disease development is of 
vital importance. 

Angiogenesis in cardiac tis-
sues of rats with and without 
AB or AB+DB

The microvascular density 
(MVD) significantly decreased 
in AB group reflected by 
CD31+ micro-vessel (Figure 
6A-D) compared with that of 
Sham group (Figure 6E, 6F). 
However, the MVD of AB+DB 
rat hearts increased compa- 
red to time point matched AB 
rats (AB3w vs. AB3W+DB6w 
and AB6w vs. AB6w+DB6w, 
Figure 6A-D and 6G), sugges- 
ting a reversal of MVD after 
pressure overload removal. 
More importantly, the MVD 
level of rats in AB3w+DB6w 
group was completely norma- 
lized to that of the 3 weeks 
Sham group, which was not 
the case for AB6w+DB6w 
group. These data was con- 
sistent with the KLF15 mRNA 
levels, suggesting again that 
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ed positive stain of GFP, indi-
cating a success adenovirus 
transfection (Figure 7A, 7B). 
To further validate the trans-
fection efficiency of KLF15 
adenovirus and empty virus, 
we performed western blot 
and qPCR to check KLF15 
protein and gene expression 
levels. We found that KLF15 
protein and mRNA in KLF15 
vector group was much higher 
than those of the empty virus 
group (P<0.01) (Figure 7C, 
7D), confirming the success 
transfection. 

Positive regulation of vascu-
lar endothelial cells by KLF15

Co-culturing endothelial cells 
with cardiac fibroblasts trans-
fected with KLF15 vector or 
empty vector showed that 
endothelial cells co-cultured 
with KLF15 overexpressing 
cardiac fibroblast had a bet-
ter morphology of tubular str- 
uctures formation (Figure 8A, 
8B) when compared with cells 
transfected with empty vec-
tors (Figure 8C, 8D). Further 
quantification showed that 
the length of tubular structure 
in KLF15 vector group was 
855±67 µm, significantly lon-
ger than that of the empty 
vector group (521±36 µm, 
P<0.01) (data not shown).

Discussion

Cardiovascular disease (CVD), 
particularly heart failure, is 
the leading cause of death 
globally. Among various cau- 
ses of heart failure, pressure 
and/or volume overload-in- 
duced cardiac hypertrophy is 
the most common pathologi-
cal change due to the high in- 
cidence of hypertension and 
ischemic heart disease. When 
cardiac hypertrophy takes pla- 
ce, cardiac myocytes increase 
in size and enhance in protein 

Figure 5. Levels of KLF15 mRNA in rat hearts following pressure overload. 
1. AB3w, pressure overload for 3 weeks; 2. AB6w, pressure overload for 6 
weeks; 3. AB3w+DB6w, unload for 6 weeks after pressure overload for 3 
weeks; 4. AB6w+DB6w, unload for 6 weeks after pressure overload for 6 
weeks; 5. Sham3w, sham operation for 3 weeks; 6. Sham6w, sham opera-
tion for 6 weeks. **P<0.01 between indicated two groups, or P<0.01 vs. time 
point matched Sham group.

Figure 6. CD31 in left ventricular myocardium of experimental rats detected 
by Immunofluorescence. A: AB3w, pressure overload for 3 weeks; B: AB6w, 
pressure overload for 6 weeks; C: AB3w+DB6w, unload for 6 weeks after 
pressure overload for 3 weeks; D: AB6w+DB6w, unload for 6 weeks after 
pressure overload for 6 weeks; E: Sham3w, sham operation for 3 weeks; F: 
Sham6w, sham operation for 6 weeks; G: Quantification and statistical analy-
sis. **P<0.01 vs. time point matched Sham group or between two indicated 
groups. 
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Figure 7. KLF15 transfection of cardiac fibroblast. A, B: GFP positive cardiac fibroblast after trasfect with KLF15 
vector A: and empty vector B: both of which has GPF. C: protein level of KLF15 protein in two groups of cardiac 
fibroblasts as assessed by western blot analysis. D: mRNA level of KLF15 in two groups of cardiac fibroblasts as 
assessed by qPCR.

Figure 8. KLF15 promotes vessel formation in vascular endothelial cells cultured in three-dimensions. Two groups 
of cells grown in three-dimensional vessel models were stained with specific lectin. A, B: KLF15-CFs-RAE- Peptide 
Hydrogel group; C, D: Empty virus-CFs-RAE- Peptide Hydrogel group.
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synthesis, while several other pathological 
change in interstitial tissues and cardiac fibro-
blasts also take place including fibrosis and 
angiogenesis. Studies have demonstrated car-
diac myocyte as a source of vascular endothe-
lial growth factor (VEGF), an important growth 
factor in regulating endothelial cell growth and 
angiogenesis. This suggests that cardiomyo-
cytes under pressure overload could regulate 
angiogenesis through certain signaling path-
ways [18]. In a mouse model of Akt-induced 
myocardial hypertrophy, researchers showed 
that hypertrophic stimuli induced the expres-
sion of angiogenic growth factors such as VEGF 
in the adaptive phase of the hypertrophic 
remodeling, and blockade of VEGF signaling 
resulted in a reduction in capillary density and 
an early development of heart failure [19]. 
Another study demonstrated that VEGF defi-
ciency led to a reduction in myocardial capillary 
density and accelerated compensatory cardiac 
hypertrophy [20]. These studies indicated that 
under physiological or compensatory hypertro-
phy conditions, growth-promoting signals could 
be important in stimulating hypertrophy and 
angiogenic growth factor expression in myo-
cytes, which also served as a vital mechanism 
in maintaining the balance between myocyte 
hypertrophy and coronary angiogenesis. Once 
the balance is disrupted and myocardial angio-
genesis is impaired, decompensated heart fail-
ure would happen [21]. 

Angiogenesis is related to the secretion of a 
variety of angiogenic factors by myocardial cells 
by pressure overload (mechanically) and/or 
hypoxia (chemically), from [22]. These cyto-
kines caused vascular basement membrane 
degradation, endothelial cell activation, prolif-
eration, migration, and the ultimate formation 
of new vascular networks [3]. New blood ves-
sels provided the necessary supply of oxygen 
and nutrients to the remodeling myocardium. 
Under normal physiological conditions, the bal-
ance between angiogenesis inducers and 
inhibitors maintained. Under pathophysiologi-
cal conditions, for example hypertrophy or myo-
cardial interstitial fibrosis and, this balance dis-
turbed such that angiogenesis was blocked, 
and consequently heart function deteriorated 
[23]. 

Many kinds of cells, growth factors and en- 
zymes are involved in the complex control sys-
tems that regulate angiogenesis. Cardiac tis-

sue is mainly composed of three types of cells: 
cardiomyocytes, cardiac fibroblasts and endo-
thelial cells. Cardiac fibroblasts play a crucial 
role in the setting of pathological cardiac hyper-
trophy. In addition to the enlargement of indi-
vidual cardiomyocytes and rearrangement of 
muscle fibers, interstitial fibrosis and angiogen-
esis occur and are part of the complex struc-
tural remodeling that occurs in the hypertrophic 
myocardium [24]. These studies highlight an 
important role of non-muscle cells, which 
reside in the intersititium, in the remodeling 
process associated with cardiac hypertrophy. A 
large number of studies have demonstrated 
that cardiac fibroblasts and cardiac myocytes, 
through the interaction of many cytokines, reg-
ulate angiogenesis during the myocardial re- 
modeling process. At the same time, direct cell-
cell contact between cardiomyocytes, cardiac 
fibroblasts and endothelial cells is also an 
important mechanism for promoting angiogen-
esis [25]. 

KLF15 is a member of the KLF family of tran-
scription factors. Seventeen KLF basic regula-
tion factors have been identified. The study of 
Leenders et al. confirmed that transforming 
growth factor-β (TGF-β) could inhibit the expres-
sion of KLF15 through the activation of p38 
mitogen activated protein kinase (p38-MAPK) 
in cardiomyocytes [26]. This study also demon-
strated that KLF15 could combine with myocar-
din, competitively, reduce the content of free 
serotonin, and, thereby, inhibit transcriptional 
regulation by serum response factor (SRF) and 
downstream cardiomyocyte hypertrophy [26]. 
Myocardin-related transcription factor A (MRTF- 
A/MKL1), as the key factor of SRF, is an impor-
tant regulator of interstitial fibrosis in cardiac 
fibroblasts [27]. Through the bioinformatics 
analysis of the identified KLF15 region that 
combines with myocardin it was found that 
MRTF-A has a similar protein domain as the 
region in KLF15 that binds to myocardin. 
Therefore, KLF15 may be a competitive binding 
factor for MRTF-A in cardiac fibroblasts and act 
as in inhibitory factor for the development of 
interstitial fibrosis [28]. However, from the 
research using the cardiac hypertrophy model, 
KLF15 can also significantly inhibit the expres-
sion of connective tissue growth factor (CTGF) 
by cardiac fibroblasts. This KLF15 mechanism 
of action is presumably related to transactiva-
tion of the CTGF promoter through the competi-
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tive inhibition of smad3 phosphorylation by 
KLF15. This mechanism could also likely be 
important for inhibiting myocardial hypertrophy 
[29]. Thus, KLF15 plays a key role in the pro-
cess of inhibiting myocardial hypertrophy and 
fibrosis. The question remains as to how it 
potentially regulates angiogenesis. 

We have observed the heart dysfunction and 
myocardial fibrosis in pressure overload model 
which was associated with decreased intersti-
tial angiogenesis and KLF15 expression level, 
suggesting a possible role of KLF15 in cardiac 
hypertrophy through regulating angiogenesis. 
Correction of pressure overload at an earlier 
stage of cardiac hypertrophy by debanding the 
aorta constriction led to slow down of cardiac 
dysfunction and less severe myocardial fibro-
sis, accompanied with reversed cardiac KLF15 
level and angiogenesis, indicating a further role 
of KLF15 in regulating angiogenesis. Our in 
vitro experiment using transfection of cardiac 
fibroblasts with KLF15 adenovirus successfully 
recapitulate the association between up-regu-
lated the expression of KLF15 and angiogene-
sis in vitro, providing evidence of a possible 
causational relationship between KLF15 and 
angiogenesis. 

Conclusion

We found in this study that under the stimula-
tion of cardiac pressure overload, expression of 
KLF15 in cardiac tissue was reduced, which 
was associated with reduced cardiac angiogen-
esis. Unloading pressure at an early stage of 
the disease progression rather than a later 
stage could largely reverse the pathological 
change of the heart tissue and cardiac func-
tion, with reversed cardiac KLF15 level and 
angiogenesis. Therefore, we speculate that 
KLF15-related angiogenesis can be used as an 
effective target of gene therapy for patients 
with advanced heart failure at an early stage. 
However, the understanding of the underlining 
mechanism needs further investigation before 
any defined conclusion could be drawn. 
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