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Myocardial infarction (MI) was a cardiovascular emergency that led to heart failure, arrhythmia, and
sudden death. Basic fibroblast growth factor (bFGF) was revealed to promote angiogenesis and protect
cardiomyocytes against ischemic injury. But conventional delivery of bFGF in an uncontrolled manner
was inefficient and diffusive, limiting its application in MI therapy. Currently, stimuli-responsive drug
delivery is emphasized in tissue regeneration. The present study constructed a CFBP-bFGF recombinant
protein, which could specifically target upregulated connective tissue growth factor (CTGF) and release
bFGF in ischemic myocardium. In a rat model with MI, intravenous administration of CFBP-bFGF
significantly accumulated in ischemic myocardium by targeting with CTGF. The responsive release of
CFBP-bFGF effectively enhanced blood vessel regeneration, decreased cardiomyocyte apoptosis, and
improved cardiac function recovery. In addition, the molecular mechanism was further explored by RNA
sequencing and transcriptome analysis. Besides activating the pathways and genes related to angio-
genesis and cardiac protection, CFBP-bFGF also decreased the expression of fibrosis-related pathways and
genes, such as TGF-b. These results demonstrated that the CTGF-responsive CFBP-bFGF was effective for
targeting release that promoted the functional recovery of MI.

© 2025 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Myocardial infarction (MI) is the leading cause of morbidity and
mortality globally [1]. Following MI, blood flow obstruction results
in the loss of cardiomyocytes, the progressive structural
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remodeling, which ultimately develops into heart failure [2].
Therefore, timely revascularization, such as pharmacological ther-
apies, surgical interventions, and coronary artery bypass grafting,
were conventional treatment treatments for MI. In recent years,
angiogenic growth factors have been shown to effectively increase
blood perfusion in the ischemic microenvironment, which would
be potential strategies for further MI therapy [3].

Among these growth factors, basic fibroblast growth factor
(bFGF) plays a more extensive role. It was reported bFGF could
promote the proliferation, and migration of endothelial cells and
vascular smooth muscle cells in vitro and in vivo, which increased
regional myocardial blood flow and contributed to reconstruct a
mature blood vessel network in different animal MI models [4]. In
addition, bFGF could also protect cardiomyocyte survival [3,5].
However, in clinical trials, a single intracoronary bFGF infusion was
shown to reduce angina symptoms but could not enhance
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myocardial perfusion [6]. That might be due to the rapid diffusion
and short half-life of bFGF in the body, directly causing insufficient
regional concentration in ischemic myocardium [7]. Therefore, how
to increase the regional concentration of bFGF was critical for its
further clinical application [8,9].

Recently, a stimuli-responsive release system was emphasized
for the delivery of growth factors that significantly facilitated tissue
regeneration. After tissue injury, a series of specific molecules were
upregulated in pathological environments as cues for targeting
delivery. In our previous studies, a specific ischemic myocardium
targeting- IMT-VEGF was designed, which recognized the cardiac
troponin I (cTnI) to guide VEGF to ischemic myocardium in acute
ischemia/reperfusion injury animal models [10]. cTnI was a struc-
tural protein responsible for myocardial contraction. Following MI,
cTnI was released into a hypoxic environment immediately, then
slowly released into the blood, which served as a reliable diagnostic
indicator a few hours after MI. Thus, cTnI was a useable targeting
candidate for drug delivery of acute myocardial ischemic injury, but
was not available in later stages, especially for repeated adminis-
tration. As a result, new targeting candidates in ischemic myocar-
dium were needed.

After MI, connective tissue growth factor (CTGF) was demon-
strated to be gradually upregulated in ischemic myocardium and
participated in subsequent cardiac fibrosis. In a previous study, a
specific CFBP peptide-CDAGRKQKC was confirmed to typically bind
with CTGF by in vivo phage display [11]. Then we constructed a
recombinant CFBP-bFGF fused protein, the CFBP-bFGF could target
the injured brain and skin which highly expressed CTGF through
intravenous injection [12]. As CTGF gradually increased in ischemic
myocardium, whether CFBP-bFGF could identify CTGF and preserve
the regional concentration of bFGF in the injured site was un-
known. In the present study, the bioactivity, cardioprotective effect,
and targeting efficiency of CFBP-bFGF were detected in vitro and
in vivo; then the cardiac repair effect of CFBP-bFGF was investigated
in rats model of MI; finally, the molecular mechanism of CFBP-bFGF
was explored by RNA sequencing and transcriptome analysis
(see Scheme 1).

2. Materials and methods

2.1. Preparation of CFBP-bFGF

The CFBP-bFGF coding gene was synthesized and inserted into
the pET28a vector, which was subsequently transferred to BL21þ

E. coli (DP118e02, TIANGEN BIOTECH, Beijing) for overnight
amplification. At 30 ℃, the expression was induced with isopropyl
Scheme 1. Schematic illustration of responsive release of targeting CFBP-b
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b-d-thiogalactoside (IPTG) at a final concentration of 1 mM for 5h,
and the E. coli were collected by centrifugation and crushed by
ultrasound. The target protein was purified from the supernatant
by Nickel column using the AKATA Primer system (AKTA pure 25,
GE), which was eluted with gradient imidazole. Finally, the purity
of recombinant proteins was detected by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and Western blot.

2.2. Bioactivity assay of CFBP-bFGF and bFGF

The biological activity of CFBP-bFGF was evaluated by promot-
ing the proliferation of human skin fibroblasts (HSFs). HSFs were
seeded in 48-well plates at a density of 3000 cells/well. After the
cells adhered, the medium supplemented with CFBP-bFGF and
bFGF with the concentration gradients (0, 625 pM, 1250 pM, 2500
pM, 5000 pM) were added and incubated in 37 ℃, 95 % O₂, 5 % CO2
incubator for 48h. Then 3-(4,5)-dimethylthiahiazo(-z-y1)-3,5-di-
phenytetrazoliumromide (MTT, M8180, Solarbio) was added into
wells for 4h, and then DMSO (D8370, Solarbio) of 450 mL/well was
added to incubate in the dark for 10min, and the optical density
(OD) of the sample was detected by universal microplate spectro-
photometer (CMax Plus) at 492 nm.

2.3. Establishment of oxygen-glucose deprivation/reoxygenation
model (OGD/R model)

H9c2 cells were cultured with high-glucose DMEM containing
10 % fetal bovine serum (FBS) in a 37 ℃ incubator (95 % O2 and 5 %
CO2). Then low-glucose DMEM containing 1 % FBS with different
gradients (0, 3.125 nM, 6.25 nM, 12.5 nM) bFGF or CFBP-bFGF was
replaced and incubated in an anoxic incubator (2 % O2 and 98 % N2)
for 6h, then changed into complete medium and reoxygenated at
37 ℃ with 95 % O2 and 5 % CO2 for 18h. The survival rate of H9c2
cells was determined by MTT as described above.

2.4. Rodent models of myocardial infarction

All experimental procedures were carried out according to the
local guidelines for the ethical use of animals and the National In-
stitutes of Health's Guidelines for the Care and Use of Laboratory
Animals (NIH publication 23e80, revised in 2011), and all protocols
were approved by the Animal Care and Use Committee of Qingdao
University (Approval No. QDU-AEC-2023365). Adult female
SpragueeDawley rats (210e240 g) (Jinan Pengyue Experimental
Animal Breeding Co.) were randomly divided into three groups of 6
rats each group, which were the PBS group, bFGF group, and CFBP-
FGF improved cardiac repair after chronic myocardial ischemia in rats.
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bFGF group. Referring to previous studies, the rats were anes-
thetized by intraperitoneal injection of 50 mg/kg sodium pento-
barbital, and the left chest was exposed and fixed on the operating
table. Endotracheal intubation, mechanical ventilation, then tho-
racotomy in the left fourth costal space to ligate the left anterior
descending artery. Finally, the thoracic cavity was closed, and
postoperative ventilation was maintained until the rats regained
consciousness. For the ELISA assay, the MI rats were intravenously
injected with CFBP-bFGF (0.58 nmol, 0.05 mg/kg) and bFGF
(0.58 nmol, 0.05 mg/kg) via the tail vein at 3 days, 1 week, and 2
weeks after MI. For animal experiments to evaluate the regenera-
tive effects of CFBP-bFGF, the MI rats were intravenously injected
with CFBP-bFGF (0.35 nmol, 0.03 mg/kg) and bFGF (0.35 nmol,
0.03mg/kg) via the tail vein at 3 days,1 week, 2 weeks, 3 weeks and
4 weeks after MI; at 4, 8 weeks after MI, Echocardiography was
performed for cardiac function evaluation. The procedure of animal
experiments is shown in Supplementary 1.

2.5. Tube formation assay

50 mL/well Matrigel matrix (356234, Corning) was added into
the pre-cooled 96-well plate and placed in a 37 ℃ incubator for
45~60 min until the gel was cured. The HUVECs cell suspension
(1 � 105 cells/well) was uniformly added into the wells pre-coated
with Matrigel and divided into 3 groups: Control group (high
glucose DMEM, 2 % FBS), bFGF group (high glucose DMEM, 2 % FBS,
50 ng/mL bFGF), CFBP-bFGF group (high glucose DMEM, 2 % FBS,
50 ng/mL CFBP-bFGF). The 96-well plates were then placed in an
incubator. The tubular structures formed with HUVECs were
observed by microscope and analyzed by ImageJ software plus
Angiogenesis Analyzer tool.

2.6. Quantitative ELISA analysis of CFBP-bFGF in the ischemic
myocardium and serum

The rats were intravenously injected with CFBP-bFGF
(0.58 nmol, 0.05 mg/kg) and bFGF (0.58 nmol, 0.05 mg/kg) via
the tail vein at 3 days, 1 week, and 2 weeks after MI. Ischemic
myocardial tissue and serum samples were collected 6h post-
administration for subsequent quantitative analysis of bFGF using
an ELISA kit (EK0342, BOSTER). The experimental procedure was
conducted according to the provided instructions.

2.7. Western blot

0.1 g ischemic myocardium tissue was taken, and 10 mL PMSF
and 1 mL RIPA were added for protein extraction. After quantifi-
cation, the proteins were separated by SDS-PAGE gel and trans-
ferred to the PVDF membrane. The antigen sites were blocked by
5 % skim milk powder, incubated at room temperature for 1~2h,
and incubated at 4 ℃ in the corresponding primary antibody
overnight: Anti-FGF-2 Rabbit pAb (1:1000, BS6432, Bioworld),
Anti-CTGF (1:1000, BS-0743R, Bioss), Anti-Smad7 Rabbit
pAb(1:1000, 860746, zenbio), Anti-TGF beta 1 Rabbit mAb(1:1000,
HUABIO, HA721143), Anti-Smad3(1:2000, Abcam, ab40854), Anti-
p-Smad3 Rabbit mAb(1:1000, zenbio, R22919), Anti-b-actin Rab-
bit pAb (1:10,000, AP0060, Bioworld), Anti-GAPDH Rabbit pAb
(1:10,000, AP0066, Bioworld). After TBST cleaning, the membrane
was placed in a secondary antibody: Goat Anti-Rabbit IgG
(1:10,000, HA1001, HUABIO) of the same species as the primary
antibody at room temperature for 1h, and the images were ob-
tainedwith an ultra-sensitive chemiluminescence detection kit and
automatic chemiluminescence image analysis system (Tanon-
5200).
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2.8. Cardiac function evaluation by echocardiography

Chest echocardiography was done under general anesthesia
with 2 % isoflurane and 0.2 L/min oxygen at 4w and 8w after MI.
After anesthesia, echocardiography was performed using an
18 MHz linear transducer of an animal cardiovascular ultrasound
system (VINNO, V6Lab, China). The animal cardiovascular ultra-
sound system automatically calculated ejection fraction (EF),
shortened fraction (FS), and left-ventricular M-mode echocardi-
ography was used to measure left ventricular systolic diameter
(LVDs), left ventricular end-diastolic diameter (LVDd), inter-
ventricular septum end-systolic thickness (IVSs) and left ventric-
ular posterior wall thickness (LVPWd).

2.9. Histological analysis

After the animals were sacrificed, the chest cavity was opened
and perfused with normal saline through the left ventricle. After
the effluence became apparent, the heart was removed and trans-
versely dissectioned. The upper part of the heart tissue sample was
taken and fixed with 4 % paraformaldehyde for 48h. The tissue was
gradient dehydrated with alcohol (50 %, 70 %, 90 %, 95 %), trans-
parent with xylene, and the soft paraffin wax was incorporated at
55 ℃ for 2h, using the hard paraffin to repeat the process at 60 ℃.
The embedded tissues were cut into 5 mm slices for hematoxylin
and eosin staining (H&E) and Masson's trichrome staining.

2.10. Immunofluorescence staining

The paraffin sections were normally dewaxed to water, then
20 % fetal bovine serum (FBS) was used to block the non-specific
antigen sites for 30 min, and then covered with primary anti-
bodies: Anti-FGF-2 antibody (1:200, SC-74412, Santa Cruze), Anti-
CTGF antibody (1:200, BS-0743R, Bioss), Anti-alpha smooth mus-
cle Actin (a-SMA) antibody (1:500, AB124964, Abcam), Anti-von
Willebrand Factor (vWF) antibody (1:500, AB6994, Abcam) and
Anti-cardiac Troponin T (cTnT) antibody (1:500, AB8295, Abcam),
Anti-Collagen I antibody (1:400, bs-10423R, Bioss), Vimentin Rab-
bit mAb (1:100, R22775, Zenbio) were added, and were bound
overnight in the wet box at 4 ℃. After cleaning and re-sealing on
the second day, Goat Anti-Rabbit IgG H&L (Alexa Fluor® 594)
(1:400, AB150080, Abcam) or Goat Anti-Mouse IgG H&L(Alexa
Fluor® 488) (1:400, AB150113, Abcam)with the same species as the
primary antibody was added and placed at room temperature for
2h to form antigen-primary-secondary antibody complex. The TdT-
mediated dUTP nick end labeling (TUNEL) assay kit (40307ES20,
YEASEN) was used to detect the apoptosis of cells in the tissue, and
fluorescence-positive cells were counted by Image J. Five equivalent
sections from each group were randomly selected, and six visual
fields from each section were observed for statistical analysis.

2.11. Transcriptome sequencing

Eukaryotic transcriptome sequencing was performed on the
bFGF group and the CFBP-bFGF group to reveal the molecular
mechanism of CFBP-bFGF therapy in MI rats. Samples were
collected at 5 days after continuous injections of the drug for 4w
(about 33 days after MI) and sequenced by Sangon Biotech. Finally,
the differential gene expression map was constructed using the
bioinformatics method.

2.12. Fluorogenic quantitative PCR

TransZol Up Plus RNA Kit (ER501-01-V2, Transgen) was used to
extract RNA (n ¼ 3). The EasyScript® One-Step gDNA Removal and
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cDNA Synthesis SuperMix kit (AE311-02, Transgen) was then used
to reverse transcription and remove excess gDNA. 20 mL reaction
system was selected using PerfectStart® Green qPCR SuperMix kit
(AQ601-01-V2, Transgen), and gene primers of GAPDH, Vegfa, Fgf2,
Hif1a, Mef2a, Tgfb1, Col1a1, Col3a1, Nppa, Caspase3, Bcl2
(Supplementary Table 1). Were added, respectively. The CFX96
Touch fluorescent quantitative PCR (Bio-rad) instrument was then
used to perform the reaction according to the procedure provided
by the kit. The primer was synthesized by Sangon Biotech.

2.13. Statistical analysis

The statistical analysis in this study was meticulously conducted
using GraphPad Prism version 8.0.1 software (GraphPad Software,
Inc., La Jolla). To compare data between two distinct groups, a
Student's t-test was employed. In cases where multiple groups
were analyzed, a one-way Analysis of Variance (ANOVA) was uti-
lized, followed by a Tukey post hoc test to discern significant dif-
ferences among the groups further. Statistical significance was
rigorously defined as a p-value less than 0.05. To ensure clarity and
consistency, all datawere presented in the form ofmean ± standard
deviation (SD), with values rounded to two decimal places.

3. Results

3.1. Preparation and performance of recombinant CFBP-bFGF

Firstly, the native bFGF and CFBP-bFGF were purified and
detected using SDS-PAGE and Western blot (Fig. 1AeB). Secondly,
the bioactivity of bFGF and CFBP-bFGF was evaluated by promoting
the proliferation of HSFs in vitro. As shown in Fig. 1C, the
Fig. 1. Preparation and properties of CFBP-bFGF. (A) SDS-PAGE of purified bFGF and CFBP-b
of bFGF and CFBP-bFGF on HSFS cells proliferation, n ¼ 5; (D) The biological assay of bFGF an
OGD/R model of H9c2 cells, n ¼ 5; (F) Tube formation assay in vitro, n ¼ 5; (G) Statistics of t
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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proliferative curve of bFGF and CFBP-bFGF was similar, indicating
the fusion of CFBP peptide didn't impact the bioactivity of bFGF.
Moreover, the effects of CFBP-bFGF on cardiomyocytes were also
investigated. Under normal culture conditions, CFBP-bFGF and
bFGF had similar impacts on H9c2 cardiomyocyte proliferation
(Fig. 1D). Previous studies had reported that bFGF could protect
cardiomyocytes against hypoxic injury [5]. Then, the protective
effects of bFGF and CFBP-bFGF on the survival of H9c2 cells were
explored in an OGD/R model. The results showed that CFBP-bFGF
exhibited a significant protective effect at doses of 6.25 nM and
12.5 nM (Fig. 1E). That was due to CTGF being upregulated after
hypoxia injury of H9c2 cells in a previous study, and this result was
validated in Supplementary Fig. 2A. In addition, due to bFGF being
an important angiogenic growth factor, then in vitro tubule for-
mation assay was performed. As shown in Fig. 1F and G and
Supplementary Fig. 2B, there were more tubular structures formed
in the CFBP-bFGF group (55.17 ± 7.08) with significant differences
compared with the PBS group (2.83 ± 5.98) and bFGF group
(44.83 ± 5.04); tube forming branches of CFBP-bFGF group
(154.00 ± 6.54) were also statistical more than PBS group
(123.80 ± 9.09) and bFGF group (133.80 ± 15.92), and therewas also
significant difference between the bFGF group and PBS group.
These results above suggested that the recombinant CFBP-bFGF had
similar biological activity of bFGF with bFGF but had better pro-
tective effects on H9c2 cells in an OGD/R model in vitro.

3.2. CFBP-bFGF homed to the ischemic myocardium

Our previous studies demonstrated that CFBP-bFGF could target
the microenvironment with highly expressed CTGF. Due to CTGF
being revealed to upregulate after MI gradually, the expression of
FGF; (B) Western blot of purified bFGF and CFBP-bFGF; (C) The biological activity assay
d CFBP-bFGF on H9c2 cells proliferation, n ¼ 5; (E) Cardiomyocytes protection assay on
he number of tubules formed in vitro. Scale bar ¼ 100 mm. Data were expressed as the
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CTGF in the ischemic myocardium was assessed. The Western blot
results showed that CTGF arose at 1 day following MI and exhibited
a progressive increase until 2 weeks(Fig. 2A), suggesting that CTGF
was a reliable target for the delivery of growth factors in MI,
especially in a later stage. Therefore, the targeting capability of
CFBP-bFGF by intravenous injectionwas detected at 3d, 1w, and 2w
after MI. Quantitative ELISA assay revealed that in ischemic
myocardium, the bFGF content in CFBP-bFGF group was
0.39 ± 0.02 mg/g at 3d after MI, 1.37 ± 0.03 mg/g at 1w after MI and
1.36± 0.07 mg/g at 2w after MI, whichwas notably higher compared
to that of the bFGF group (0.34 ± 0.03 mg/g, 0.66 ± 0.06 mg/g,
1.01 ± 0.03 mg/g) respectively. Additionally, the serum bFGF content
in bFGF group (2.52 ± 0.27 mg/mL, 2.13 ± 0.30 mg/mL, 3.04 ± 0.86 mg/
mL) was observed to be higher than that in CFBP-bFGF group
(2.33 ± 0.47 mg/mL, 1.87 ± 0.23 mg/mL, 2.33 ± 0.67 mg/mL), but with
no statistical significance(Fig. 2B). These results were confirmed by
Western blot, that the expression of bFGF in the ischemic
myocardium of the CFBP-bFGF group was significantly higher than
that in other groups at 3d, 1w, and 2w after MI(Fig. 1C and D).
Therefore, these results suggested that CFBP-bFGF could target and
retain in the ischemic heart effectively when administered
intravenously.

3.3. CFBP-bFGF specifically bound to upregulated CTGF in ischemic
hearts

To confirm whether CFBP-bFGF targeted delivered into the
ischemic heart through interacting with the upregulated CTGF
following MI, immunofluorescence staining of CTGF and bFGF was
performed to investigate their potential co-localization. At 1w or
2w after MI, immunofluorescence staining revealed that the fluo-
rescence intensity of CTGF was similar in all three groups, but the
fluorescence intensity of bFGF was notably higher in the CFBP-bFGF
group compared to both bFGF group and PBS group (Fig. 3AeE),
which was consistent with the results obtained from ELISA and
Western blot above. In addition, co-localization of bFGF and CTGF
was more evident in the CFBP-bFGF group than in the other two
groups, as shown in Fig. 3BeD and FeH. These results indicated that
CFBP-bFGF was retained in the ischemic heart by specifically tar-
geting CTGF.
Fig. 2. Evaluation of the targeting efficiency of CFBP-bFGF in ischemic myocardium. (A)
after MI; (B)The content of bFGF in ischemic myocardium and serumwas determined by ELIS
at 3d, 1w and 2w after MI; (D) The statistical analysis of Western blot statistical analysis of bF
at 1w after MI; (F) The statistical analysis of Western blot statistical analysis of bFGF at 2w
****P < 0.0001, n ¼ 5.
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3.4. CFBP-bFGF improved the recovery of cardiac function in MI rats

As the bioactivity and targeting capacity of CFBP-bFGF were
validated, the regenerative effect of CFBP-bFGF for MI was further
investigated. After MI, the recombinant proteins were repeated and
administrated at 3d,1w, 2w, 3w, and 4w afterMI intravenously, and
then the cardiac function was evaluated by Echocardiography at
both 4w and 8w after MI. The echocardiographic results were
shown in Table 1. Left ventricular ejection fraction (EF) and short-
ened fraction (FS) were the main indexes to evaluate cardiac
function. The results revealed that EF and FS in the CFBP-bFGF
group (85.01 ± 4.04 %, 42.77 ± 4.17 %) were significantly
increased compared with those in PBS group (48.09 ± 4.65 %,
22.10 ± 3.78 %) and bFGF group (73.43 ± 3.42 %, 32.96 ± 4.18 %) at 4
weeks after administration, and they had statistical difference be-
tween bFGF and PBS group (Table 1). Other indicators such as LVDd
(mm), LVDs (mm), LVPWd (mm) of CFBP-bFGF and bFGF group also
had significant differences compared with the PBS group, but there
was no difference between CFBP-bFGF and bFGF group; and the
IVSs (mm) of CFBP-bFGF had measurable difference with bFGF and
PBS group, but there was no significant difference between bFGF
group and PBS group. Similar results were also observed at 8 weeks
(Table 1), that the major indicator of cardiac function in the CFBP-
bFGF group was better than those in the bFGF group and PBS
group. Therefore, these results indicated that CFBP-bFGF could
promote cardiac function recovery in rats with MI.

3.5. CFBP-bFGF attenuated morphological injury and ventricular
remodeling

Consistent with cardiac function evaluation, the H&E staining
was used for the histological evaluation. As shown in Fig. 4A and B,
the histological structure of the PBS group showed extensive car-
diomyocyte loss and interstitial fibrosis, but in the bFGF group,
especially in the CFBP-bFGF group, the myocardial injury and
fibrosis were alleviated with well arranged myocardial fibres.
Therefore, these results indicated that CFBP-bFGF could alleviate
the histological injury. It has been reported following MI, the
infarcted hearts underwent the cardiomyocyte loss and interstitial
fibrosis, which would result in ventricular remodeling and scar
Western blot analysis of CTGF expression in ischemic myocardium at 1d, 3d, 1w and 2w
A at 3d, 1w and 2w after MI; (C) Western blot analysis of bFGF in ischemic myocardium
GF at 3d after MI; (E) The statistical analysis of Western blot statistical analysis of bFGF
after MI. Data were expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001,



Fig. 3. Colocalization of CFBP-bFGF and CTGF in ischemic myocardial tissue. (A) Immunofluorescence staining of CTGF (red) and bFGF (green) in ischemic myocardium at 1w
after MI. Yellow staining indicates colocalization; (B)The colocalization analysis of CTGF and bFGF in PBS group; (C) The colocalization analysis of CTGF and bFGF in bFGF group; (D)
The colocalization analysis of CTGF and bFGF in CFBP-bFGF group; (E) Immunofluorescence staining of CTGF (red) and bFGF (green) in ischemic myocardium 2w after MI. Yellow
staining indicates colocalization; (F) The colocalization analysis of CTGF and bFGF in the PBS group; (G) The colocalization analysis of CTGF and bFGF in the bFGF group; (H) The
colocalization analysis of CTGF and bFGF in CFBP-bFGF group. Scale bar ¼ 100 mm, n ¼ 3.

Table 1
Results of echocardiographic parameters 4 weeks and 8 weeks after MI.

EF(%) FS(%) LVDd(mm) LVDs(mm) IVSs(mm) LVPWd(mm)

4w PBS Group 48.09 ± 4.65 22.10 ± 3.78 12.11 ± 0.98 9.87 ± 1.34 2.10 ± 0.50 2.35 ± 0.53
bFGF Group 73.43 ± 3.42** 32.96 ± 4.18** 7.50 ± 0.96** 4.27 ± 0.58** 2.46 ± 0.43 4.69 ± 0.68**
CFBP-bFGF Group 85.01 ± 4.04**/## 42.77 ± 4.17**/## 6.70 ± 0.75** 3.10 ± 0.52** 3.18 ± 0.19**/# 4.45 ± 0.80**

8w PBS Group 46.67 ± 1.65 26.04 ± 3.50 10.04 ± 0.58 7.52 ± 0.64 2.42 ± 0.28 2.35 ± 0.30
bFGF Group 54.36 ± 3.66* 35.52 ± 5.25** 7.63 ± 0.50** 5.28 ± 0.89** 2.81 ± 0.38* 2.77 ± 0.39
CFBP-bFGF Group 78.50 ± 5.62**/## 54.73 ± 5.35**/## 6.70 ± 0.87** 4.05 ± 0.62** 3.20 ± 0.45**/# 3.50 ± 0.51**/##

EF(%), ejection fraction; FS(%), indicates fractional shortening; LVDs (mm), left ventricular systolic diameter; LVDd (mm), left ventricular end-diastolic diameter; IVSs (mm),
inter-ventricular septum end-stolic thickness; LVPWd (mm), left ventricular posterior wall thickness. Data are mean ± SD; *: CFBP-bFGF VS PBS or bFGF VS PBS, #: CFBP-bFGF
VS bFGF; *P < 0.05, **P < 0.01; #P < 0.05, ##P < 0.01, n ¼ 6.
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formation [13]. Subsequently, the ventricular remodeling was
further investigated. As shown in Fig. 4CeF, Masson staining
showed infarct size was 21.03 ± 2.94 %, 29.90 ± 5.76 %,
37.47 ± 5.41 % in CFBP-bFGF group, bFGF group, and PBS group
respectively, and there was a significant difference between CFBP-
bFGF group and PBS group. Furthermore, the statistical analysis of
wall thickness revealed the thickness of the CFBP-bFGF group was
4.16 ± 0.12 mm, which was markedly greater than that of the bFGF
group (2.32 ± 0.34 mm) and PBS group (2.12 ± 0.37 mm). These
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results suggested CFBP-bFGF could attenuate morphological injury
and ventricular remodeling caused by hypoxia injury.

3.6. CFBP-bFGF promoted angiogenesis and protected
cardiomyocyte survival in the infarcted hearts

As bFGF was an essential regulator of angiogenesis and car-
diomyocyte protection, then vascularization, and cardiomyocyte
survival were detected by immunostaining. To identify arterioles



Fig. 4. The evaluation of cardiac function after CFBP-bFGF or bFGF intravenous administration. (A) H&E staining panoramic scan representation of each group; (B) H&E staining
of myocardial infarction; (C) Masson staining panoramic scan representation of each group; (D) Masson staining of infarcted myocardium; (E) Statistical analysis of infarct size; (F)
Statistical analysis of LV wall thickness. Data represent mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, n ¼ 5.
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with a visible lumen, Anti-a-SMA immunostaining was employed,
while Anti-vWF immunostaining was utilized to detect the distri-
bution of capillaries. As shown in Fig. 5A and B, the number of ar-
terioles labeled with a-SMA in the CFBP-bFGF group was
20.44 ± 1.42, which was superiorly higher compared to both the
bFGF group (14.67 ± 1.32) and PBS group (13.22 ± 0.83).
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Subsequently, the number of capillaries positive for immuno-
staining in the infarcted area was also significantly greater in the
CFBP-bFGF group (75.67 ± 2.08) compared to both the bFGF group
(59.00 ± 8.54) and PBS group (36.00 ± 4.36), and there was a sig-
nificant difference between bFGF group and PBS group (Fig. 5AeC).
To evaluate whether CFBP-bFGF protected cardiomyocytes in the



Fig. 5. Evaluation of blood vessel regeneration, cardiocyte survival, and apoptosis after CFBP-bFGF or bFGF by intravenous administration. (A) Immunofluorescence staining
of a-SMA, vWF, cTnT, and Tunel staining in ischemic myocardium; (B) Statistical analysis of the number of arterioles labeled by a-SMA; (C) Statistical analysis of the number of
capillaries labeled by vWF; (D) Statistical analysis of the positive area of myocardium labeled by cTnT; (E) Statistical analysis of the number of TUNEL-positive cells. Scale
bar ¼ 100 mm. Data were expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n ¼ 6.
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infarcted area, Anti-cTnT antibody was used to identify car-
diomyocytes, the results showed cTnT-positive area of CFBP-bFGF
group (67.17 ± 2.78 %) were more than those in bFGF group
(56.08 ± 3.05 %) and PBS group (49.48 ± 2.69 %), and also there was
statistical difference of positive area between bFGF group and PBS
group (Fig. 5AeD). In addition, the cardiomyocytes' survival was
also verified by TUNEL staining, which detected the cell apo-
ptosis in the ischemic heart. Notably, the CFBP-bFGF group
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(122.30 ± 28.29) and the bFGF group (191.00 ± 33.42) exhibited a
significantly lower number of apoptotic cells compared to the PBS
group (217.30 ± 5.69) (Fig. 5AeE). These results demonstrated that
CFBP-bFGF effectively enhanced angiogenesis and protected car-
diomyocytes in the infarcted heart. This beneficial effect was
attributed to the homing capacity of CFBP-bFGF towards ischemic
myocardium, enabling targeted enrichment of bFGF and subse-
quent therapeutic action in the infarction zone.
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3.7. Potential molecular mechanism of CFBP-bFGF in the therapy of
MI

Finally, Transcriptome analysis was used to analyze the molec-
ular mechanism between CFBP-bFGF and bFGF in the process of MI
repair. As shown in Fig. 6A, gene ontology (GO) analysis showed that
significantly enriched GO items in the biological processes (BP)
category included signal transduction regulation, vascular devel-
opment, angiogenesis, inflammatory response, and cell response to
transforming growth factor b stimulation. In the cell components
(CC) category, cytoskeleton, extracellular matrix, and myofibrillar
gene products showed significant enrichment. In the molecular
function (MF) category, growth factor activity, signal transducer
Fig. 6. Transcriptome analysis to determine the mechanism of CFBP-bFGF mediated isch
one month; (B) KEGG analysis; (C)Differential gene expression in the bFGF group and CFBP-b
regeneration and repair, n ¼ 3; (E) qPCR validation of mRNA expression trends of key gene
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activity et al. were enriched. The KEGG database was used to
determine the signaling pathways involved in cardiac repair. As
shown in Fig. 6B, compared with the bFGF group, the MAPK
signaling pathway, AMPK signaling pathway, and JAK-STAT signaling
pathway were significantly activated in the CFBP-bFGF group
compared with the bFGF group; on the other hand, Chemokine
signaling pathway, IL-17 signaling pathway, and TGF-b signaling
pathway were significantly downregulated. Differential expression
gene (DEG) analysis showed that compared with the bFGF group, 94
genes were up-regulated, and 105 genes were down-regulated in
the CFBP-bFGF group (Fig. 6C). Differential expression genes (DEGs)
were identified by analyzing FPKM data (Fig. 6D). The results
showed that compared with the bFGF group, a series of genes such
emic myocardial repair. (A) Gene ontology (GO) analysis after continuous injection for
FGF group; (D) Significantly different gene profiles associated with ischemic myocardial
s, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n ¼ 3.
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as pro-angiogenic genes such as Vegfa, Fgf2, Fgf13, cardiomyocytes
repair related gene-hypoxia inducible factor-1a (Hif1a), Myocyte
Specific Enhancer Factor 2a (Mef2a) were significantly upregulated;
on the contrary, fibrosis-related genes-Transforming growth factor b
(Tgfb), Smad homology 6 (Smad6) and collagen a1 (Col1a1) was
downregulated. These key genes involved in the Transcriptome
analysis were validated by the qPCR, as shown in Fig. 6E.

3.8. CFBP-bFGF alleviated cardiac fibrosis through the TGF-b
signaling pathway

As CFBP-bFGF was shown to inhabit fibrosis-related signaling
pathways and genes by Transcriptome analysis, the cardiac fibrosis
was further confirmed by Anti-Collagen and Anti-Vemintin im-
munostaining. As shown in Fig. 7A and B, the immunofluorescent
intensity of Collagen I and Vimentin in ischemic myocardium was
markedly decreased in the CFBP-bFGF and PBS group, and therewas
also a significant difference in Vimentin expression between the
bFGF group and the CFBP-bFGF group. Furthermore, the expression
of the TGF-b signaling pathway was detected. As shown in Fig. 7C,
TGF-b1 and its key downstream effector Smad3, as well as p-Smad3
was significantly decreased in the CFBP-bFGF group compared with
the bFGF group and PBS group. Still, the expression of Smad7 was
upregulated, which was consistent with its gene expression.
Therefore, these results indicated CFBP-bFGF could alleviate ven-
tricular remodeling and cardiac fibrosis through TGF-b signaling.

4. Discussion

In recent years, MI has revealed a trend of youthfulness and high
incidence, which has increased significantly [14]. The treatment of
myocardial infarction focuses on restoring blood flow to the coro-
nary arteries and reducing myocardial damage as soon as possible
Fig. 7. The administration of CFBP-bFGF can alleviate MI-induced cardiac fibrosis and a
analysis of collagenI; (B) Immunofluorescence staining and statistical analysis of Vimentin; (
n ¼ 6.
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[15]. In the regenerative therapy of MI, the targeted delivery of
growth factors has emerged as a promising strategy [16].

bFGF is a crucial growth factor that exhibits a diverse range of
biological functions, including the stimulation of angiogenesis, ac-
celeration of wound healing and repair processes, as well as the
promotion of tissue regeneration [17]. In the therapy of MI, bFGF
was revealed to facilitate cardiac repair in a series of animal MI
models. Alternative targeting delivery strategies were investigated
to increase its regional concentration. bFGF was demonstrated to
encapsulate in Polycaprolactone (PCL), poly(lactide-co-glycolide)
(PLGA), acetalated dextran(AcDex) microparticles for sustained
release, which promoted angiogenesis and cardiac regeneration
[4,18,19]; it could also be incorporated in gelatin hydrogels, chito-
san hydrogels to improve ventricular function through angiogen-
esis and cardiac protection [20e22]. In recent years, a responsive-
release delivery system was developed. For example, acoustically-
responsive scaffolds were constructed for the controlled release
of bFGF to achieve the spatially-directed angiogenesis [23,24], and a
dual functional MI-responsive hydrogel formed with glutathione
(GSH)-modified collagen hydrogel (collagen-GSH) and GST-TIMP-
bFGF, which released bFGF responsive to upregulated matrix
metalloproteinase-2/9 (MMP-2/9) in microenvironment after MI
and promoted the recovery of MI rats [25]. In the present study, in
order to realize repeated administration of bFGF, specifically in
ischemic myocardium, recombinant CFBP-bFGF was designed to
recognize upregulated CTGF in the injured microenvironment,
guide and target release of bFGF into ischemic myocardium by
intravenous administration.

Then, the biological activity, homing capacity, and therapeutic
efficacy of CFBP-bFGF in MI were further evaluated. Firstly, in vitro
cell proliferation assays showed that bFGF and CFBP-bFGF both
efficiently promoted the growth of HSF cells and H9c2 cells in
normal conditions (Fig. 1C and D), but had a significant protective
lleviate adverse cardiac remodeling. (A) Immunofluorescence staining and statistical
C)Western blot results of TGF-b pathway and Smad7, *P < 0.05, **P < 0.01, ***P < 0.001,
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effect on hypoxic H9c2 (Fig.1E). That might be due to CTGF being an
important regulator after ischemic injury in vitro or in vivo, and the
tendency of CTGF in (the OGD/R) model of H9c2 cells was
confirmed in Supplementary Fig. 1B, which was upregulated
compared with normal conditions. Due to the CFBP-bFGF targeting
upregulated CTGF in hypoxic H9c2 cells, it played an enhanced
cardioprotective effect compared with bFGF. Additionally, as bFGF
was an angiogenic factor, the in vitro tube formation assay was also
performed. Both bFGF and CFBP-bFGF showed notably more tube
formation compared to the control group, and CFBP-bFGF also
showed a stronger angiogenic effect compared to the bFGF group
(Fig. 1F and G). Previous studies have reported that CTGF partici-
pated in blood vessel formation in tumors and age-related vascular
diseases [26,27]. Direct evidence showed that the secretion of CTGF
increased from growth factors that treated HUVECs, which
improved the migration and network formation of HUVECs [28,29].
Correlated with increased CTGF, CFBP-bFGF promoted the number
of tube formations in vitro. These results indicated that in normal
conditions, CFBP-bFGF had a similar biological activity with native
bFGF, while it also could interact with upregulated CTGF in the
microenvironment to enhance the protective or angiogenic effect of
bFGF due to prolonged release.

The homing capacity of CFBP-bFGF in vivo was further investi-
gated. Due to CTGF gradually upregulating afterMI, we detected the
targeting efficiency of CFBP-bFGF at different times of MI by
intravenous administration. That would help to determine the time
and frequency of CFBP-bFGF administration. Quantitative ELISA
assay and Western blot revealed the amount of CFBP-bFGF in the
ischemic myocardiumwas statistically higher than that in the bFGF
group at 3d, 1w, and 2w after MI (Fig. 2BeD). And most CFBP-bFGF
was observed to be co-localization with upregulated CTGF in
ischemic myocardium (Fig. 3AeH). As a result, CFBP-bFGF was
administrated through the tail vein at 3d, 1w, 2w, 3w, and 4w after
MI to evaluate its therapeutic effects in the following animal ex-
periments. At 4w and 8w after MI, the cardiac function was
detected by Echocardiography. The results showed the adminis-
tration of CFBP-bFGF significantly improved the cardiac recovery of
MI rats, and the echocardiographic indicators such as EF and FS had
statistical differences between the CFBP-bFGF group and the bFGF
group (Table 1). In accordance with functional recovery, the histo-
logical evaluation revealed CFBP-bFGF could alleviate ventricular
remodeling, promote blood vessel regeneration, protect car-
diomyocyte survival, and prevent cardiomyocyte apoptosis (Figs. 4
and 5), indicating CFBP-bFGF was beneficial for cardiac repair that
improved both morphological and functional recovery after MI.

Finally, the molecular mechanism of CFBP-bFGF in the repair of
ischemic myocardium was still unknown. In our study, tran-
scriptome analysis uncovered that a series of signaling pathways
and a population of genes were upregulated or downregulated in
the CFBP-bFGF group compared with the bFGF group (Fig. 6BeD).
Compared with the bFGF group, MAPK signaling pathway, AMPK
signaling pathway, and JAK-STAT signaling pathway were signifi-
cantly activated in CFBP-bFGF group, while Chemokine signaling
pathway, IL-17 signaling pathway and TGF-b signaling pathway
were significantly downregulated in the CFBP-bFGF group.
Consistent with previous studies, differential expression genes re-
sults revealed angiogenesis-related genes, cardiomyocyte
protection-related gene was upregulated, and fibrosis-related
genes, and apoptosis-related genes were downregulated. These
alterations of genes were correlated with the biological effects of
bFGF, which was verified by qPCR in Fig. 6D. In addition, the anti-
fibrosis effect of CFBP-bFGF was further investigated due to the
evidently decreased gene expression of Tgfb1, Col1a1. Under
ischemic conditions, fibroblasts were activated and transformed
into myofibroblasts, secreting abundant collagens. It has been
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shown that the reduction of myofibroblasts by targeting TGF-b
signaling to inhibit fibroblast activation reduced collagen synthesis
[30]. Then, immunostaining of Collagen I and Vimentin was per-
formed. And the results of Fig. 7 showed the expression of Collagen
I and Vimentin was evidently attenuated in the CFBP-bFGF group,
which indicated the role of CFBP-bFGF in the regulation of
endothelial-to-mesenchymal transition and subsequent collagen
deposition. This process was mediated by TGF-b/Smad 3 signaling
pathway (Fig. 7AeC).

Besides the prolonged release of bFGF in ischemic myocardium,
we were also interested in the potential function of CFBP peptide.
The interacting protein of CFBP peptide-CTGF was a common key
regulator for tissue fibrosis, which was a cysteine-rich matricel-
lular protein involved in the control of multiple biological and
pathological processes [31]. In the heart, CTGF was strongly pro-
duced by injured cardiomyocytes, subsequently activating the fi-
broblasts and contributing to myofibroblast differentiation and
persistence [31]. Furthermore, CTGF inhibition by its specific
monoclonal antibody (CTGF mAb) during MI repair was demon-
strated to improve survival, attenuate LV dysfunction, and reduce
post-MI LV hypertrophy and fibrosis [32]. The question of whether
the interaction of CFBP peptide and CTGF would influence the
bioactivity of CTGF was unknown. It was reported that CTGF
consisted of four essential domains, including IGFBP (Gln27-
Lys98), VWC(Ala101-Asp167), TSP1 (Asn198-Glu243) and CT
(Cys256-Pro330) from N-terminal to C-terminal. And each domain
could specifically bind with different proteins and thereby play
different functions [33]. Therefore, the binding of CFBP peptide and
CTGFwas imitated and analyzed byWemol (Supplementary Fig. 2).
The CFBP peptide was predicted to bind with the spatial structural
domain formed by Pro51, Gly62, Leu75, and Trp171, which were
mainly located in the IGFBP and VWC domains. It was observed
that the IGFBP domain was in charge of the combination of CTGF
and insulin-like growth factor (IGF), which was involved in the
process of matrix accumulation, and the VWC domain was the
region that CTGF bonded to BMPs or TGF-b, which served as an
antagonist of BMPs or chaperone to enhance TGF-b signaling
function conversely [34]. These results suggested that CFBP pep-
tide might competitively bind CTGF with IGF or TGF-b, which
would decrease tissue fibrosis andmatrix deposition. In the future,
the interaction of CFBP-bFGF and CTGF will be further explored
in vitro and in vivo, including the influence on downstream
signaling pathways and subsequent biological processes.

Currently, controlled and sustained growth factor release sys-
tems had been extensively studied to improve the therapeutic
effects of the proteins. Besides the growth factor encapsulation
into biomaterial scaffolds, the functional modification of growth
factor by gene engineering was another alternative strategy. In
present study, the specific peptide CFBP was fused with bFGF to
construct CFBP-bFGF, the recombinant CFBP-bFGF could recognize
the CTGF in injured myocardium and realize the targeting delivery
of bFGF with proper dosage and excellent spatiotemporal speci-
ficity. In addition, the bioinformatics and its subsequent experi-
mental analysis revealed the interaction of CFBP peptide and CTGF
would impact the pro-fibrotic effect of CTGF. These results indi-
cated the CFBP-bFGF would be a bio-functional growth factor, that
promoted the cardiac repair and decreased the cardiac fibrosis.
These were the advantages of present studies. However, the
optimal dosage, injection time and frequency of CFBP-bFGF for the
therapy of MI was still unknown and the potential molecular
mechanisms of CFBP-bFGF was also unclear. These were the limi-
tations of present studies. Further studies in large animal models
and the potential molecular mechanisms of CFBP-bFGF will be
explored to provide evidence for the application of clinical MI
therapy.
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In conclusion, a recombinant CFBP-bFGF was constructed,
which could target deliver bFGF in response to upregulated CTGF
in ischemic myocardium by intravenous administration. The
CFBP-bFGF was revealed to promote angiogenesis, protect car-
diomyocytes, and prevent cell apoptosis, which finally im-
proved the functional recovery in rats with MI. In addition,
the further transcriptome analysis displayed CFBP-bFGF
inhibited the fibrosis-related signaling pathway and genes
compared to bFGF, which directly attenuated cardiac remodeling
and fibrosis. Through the targeting delivery, CFBP-bFGF could
realize repeated intravenous administration of bFGF in low dosage
but with high efficiency, and provide a potential therapeutic
strategy for MI.
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