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ABSTRACT
The present study sought to investigate the effect of non-mitogenic acidic fibroblast growth factor
(NM-aFGF) loaded PEGylated nanoliposomes (NM-aFGF-PEG-lips) combined with the ultrasound-tar-
geted microbubble destruction (UTMD) technique on modulating diabetic cardiomyopathy (DCM)and
the mechanism involved. Animal studies showed that the diabetes mellitus (DM) group exhibited typ-
ical myocardial structural and functional changes of DCM. The indexes from the transthoracic echocar-
diography showed that the left ventricular function in the NM-aFGF-PEG-lipsþUTMD group was
significantly improved compared with the DM group. Histopathological observation further confirmed
that the cardiomyocyte structural abnormalities and mitochondria ultrastructural changes were also
significantly improved in the NM-aFGF-PEG-lipsþUTMD group compared with DM group. The cardiac
volume fraction (CVF) and apoptosis index in the NM-aFGF-PEG-lipsþUTMD group decreased to
10.31±0.76% and 2.16±0.34, respectively, compared with those in the DM group (CVF ¼ 21.4±2.32,
apoptosis index ¼ 11.51±1.24%). Moreover, we also found significantly increased superoxide dismu-
tase (SOD) activity and glutathione peroxidase (GSH-Px) activity as well as clearly decreased lipid
hydroperoxide levels and malondialdehyde (MDA) activity in the NM-aFGF-PEG-lipsþUTMD group
compared with those in the DM group (p< .05). Western blot analysis further revealed the highest
level of NM-aFGF, p-AKT, p-GSK-3b1, Nrf-2, SOD2 and NQO1 in the NM-aFGF-PEG-lipsþUTMD group.
This study confirmed using PEGylated nanoliposomes combined with the UTMD technique can effect-
ively deliver NM-aFGF to the cardiac tissue of diabetic rats. The NM-aFGF can then inhibit myocardial
oxidative stress damage due to DM by activating the AKT/GSK/Nrf-2 signaling pathway, which ultim-
ately improved the myocardial structural and functional lesions in diabetic rats.
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Introduction

Diabetic cardiomyopathy (DCM) represents one of the major
cardiovascular complications in diabetic patients and mani-
fests with impaired diastolic and systolic cardiac function
that may lead to heart failure (Galderisi., 2006; Pappachan
et al., 2013); however, there remains no effective treatment.
Given that oxidative stress and DNA damage have been con-
sidered to be the critical mechanisms for the development
of DCM (Giacco & Brownlee, 2010), attenuation of diabetes-
induced oxidative damage and the subsequent cardiac apop-
tosis and fibrosis are expected to exert beneficial effects and
may be a potential novel therapeutic strategy for DCM.

Fibroblast growth factor (FGF) is a super family of hep-
arin-binding growth factors including at least 23 members.
As the considered prototype member of the growth factor
family, acidic fibroblast growth factor (aFGF or FGF1) is a

multipotent factor associated with cell proliferation, differen-
tiation and survival during development by initiating various
intracellular signal transduction pathways (Chen M et al.,
2020). It is reported that aFGF is highly expressed in the
heart and participates in heart development (Xiao et al.,
2010; Guan et al., 2016). There is also evidence of the sur-
vival promotion of aFGF due to its antiapoptotic and vaso-
active properties in oxidative stress-induced damage and
ischemia and reperfusion injuries in heart (Tian et al., 2017).
In addition, animal research has suggested that aFGF effect-
ively reduces blood glucose and reverses insulin resistance in
insulin resistant and type 2 diabetes mice (Scarlett et al.,
2016). aFGF is thus a potentially valuable therapeutic agent
for DCM treatment. However, aFGF has powerful mitogenic
and proliferative influences, producing potential tumouri-
genic ability (Pili et al., 1997).
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Non-mitogenic aFGF (NM-aFGF) was generated by genetic
engineering, and it has lost only the potential to stimulate
cell proliferation with all other functions compared with
aFGF (Chen et al., 2009). NM-aFGF has great potential in the
treatment of DCM. However, the current administration
methods for the delivery of exogenous NM-aFGF or NM-aFGF
genes to myocardial tissue include direct cardiac injection or
myocardial administration, which are inconvenient and
highly risky in clinical application. There is a strong need to
establish an efficient and safe mode of NM-aFGF delivery for
the treatment of DCM.

Nano-liposomes are useful as efficient delivery vehicles for
drugs, plasmids, peptides and proteins as they have high
solubility and bioavailability and low toxicity and are non-
immunogenic (Yuba et al., 2013; Aisha et al., 2014).
PEGylated nanoliposomes obtained by incorporating a poly-
ethylene glycol phospholipid (DSPE-PEG2000) into stable lip-
osomes can protect the liposomes from being recognized
and cleared by the reticuloendothelial systems (Allen &
Cullis, 2013; Bozzuto & Molinari, 2015). The use of PEGylated
nanoliposomes as the carrier of NM-aFGF may improve the
stability of NM-aFGF both during storage and in blood circu-
lation and greatly increase the drug circulation time.
However, additional strategies to increase the selectivity of
NM-aFGF for cardiac tissue are still needed and will improve
the drug delivery to the heart without causing unnecessary
impact on the other body tissues.

Ultrasound-targeted microbubble destruction (UTMD) is a
useful tool to promote the specific delivery of therapeutics
to some organs. Several studies have shown that UTMD can
obviously improve the organ specificity of in vivo drug
release from liposomes (Sheng et al., 2018). After intravenous
injection, microbubbles can arrive at the myocardial tissue
and be destroyed by an ultrasound beam, and the resultant
cavitation effect is able to enhance the release of drug from
liposome in the ultrasonic sites (Miller & Dou, 2009; Panje

et al., 2012; Lentacker et al., 2014). unlike focused therapeutic
ultrasound, the low-intensity ultrasound generated by diag-
nostic devices can induce cavitation effects with less signifi-
cant thermal effects than high intensity applications.
Meanwhile, micro-streaming and radiation forces have been
found to have minor effects for low-intensity ultrasound
exposure (Ahmadi et al., 2012; Cui et al., 2020). The damage
of UTMD against the focused tissues was negligible at the
low intensity. The UTMD technique therefore holds consider-
able promise as an effective strategy to achieve targeted
delivery of NM-aFGF loaded nano-liposomes to
the myocardium.

In this study, we developed new NM-aFGF-loaded
PEGylated nano-liposomes (NM-aFGF-PEG-lips) combination
therapy with the UTMD technique for simultaneous loading
and targeted delivery of NM-aFGF to diabetic hearts. As illus-
trated in Figure 1, when exposed to the low intensity ultra-
sound, microbubbles would lead to a cavitation (the
oscillations of microbubbles). Such oscillations created a
liquid flow around the microbubbles, the so-called micro-
streaming. When these oscillating microbubbles were blasted
by the ultrasound beam, the microstreaming would generate
a shear stress on the adjacent nanoliposomes. The UTMD
induced elevated shear stress levels can enhance the release
of drug from nanoliposomes in myocardial cells. To test
whether applying this innovative formulation for drug deliv-
ery is effective in preventing DCM, the STZ-induced type 1
diabetic animal model was established, and a broad range of
commonly used pathophysiological indicators of heart condi-
tions were measured. These measurements allowed thorough
preclinical evaluation of the in vivo effects of 16weeks of
NM-aFGF-PEG-lipsþUTMD treatment on cardiac functions
and related structural damage. We found that chronic admin-
istration of this combination therapy can indeed protect
against diabetes-induced cardiac dysfunction and may be

Figure 1. Schematic of NM-aFGF-PEG-lips combined with UTMD mediated NM-aFGF for DCM therapy.
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developed as an effective strategy to prevent DCM in future
clinical therapy.

Methods

Preparation and characterization of NM-aFGF-PEG-lips

Preparation of PEG modified NM-aFGF nano-liposomes
The PEG modified NM-aFGF nano-liposomes were prepared
by the water-in-water emulsion and freeze-drying technique
as described previously (Zhao et al., 2014). In brief, 2mL of
2.0% w/v homogeneous gelatin solution containing a high
concentration NM-aFGF was emulsified in 1mL of 20% w/v
poloxamer 188 solution of 0.1% w/v D, L-glyceraldehyde by
sonication (110 w, 20 s) at 37 �C using a probe sonicator
(Scientz Biotechnology Co. Ltd., China). The emulsion was
then bathed at 5 �C under moderate magnetic stirring at
2500 rpm to form modified nanoparticles. After 5 h of stirring,
the emulsion was lyophilized to gain NM-aFGF-loaded gelatin
nanoparticle powder. Then, lyophilized NM-aFGF-loaded gel-
atin nanoparticle powder was dispersed in a solution con-
taining DSPE-PEG2000, trehalose and cholesterol. By
sonication (90 w, 20 s) at 25 �C, the mixture suspension was
then lyophilized to yield lyophilized powder containing NM-
aFGF-PEG-lips, which was reconstituted in double-distilled
water to form a suspension for administration. Blank lipo-
somes (blank-lips) were prepared using gelation solution
instead of NM-aFGF gelatin solution.

Characterization of NM-aFGF-PEG-lips
The morphology of NM-aFGF-PEG-lips was analyzed by scan-
ning electron microscopy (SEM). The zeta potential and size
of the NM-aFGF-PEG-lips were measured in Malvern ZetaSize
(Malvern Instruments Ltd., India). Approximately 1mL each of
the NM-aFGF-PEG-lips and blank-lips were assigned to the
zeta cell, and measurements were recorded. The experiment
was performed at 25 �C.

The encapsulation efficiency of NM-aFGF-PEG-lips was
determined as previously described (Zhao et al., 2014). The
ultracentrifugation method was used to separate free NM-
aFGF from liposomes (Sheng et al., 2018). First, 1.5mL of the
NM-aFGF-PEG-lips dispersion was centrifuged at 10,000 g for
40min. The supernatant was then collected and diluted for
NM-aFGF determination using an ELISA kit. The encapsula-
tion efficiency was calculated as indicated below. The analy-
ses were performed in triplicate.

Encapsulation efficiencyð%Þ

¼ total amount of drug – amount of drug in supernatantð Þ
total amount of drug

� 100%

Preparation and suspension of phospholipid-based
microbubbles

According to our previous study, phospholipid-based micro-
bubbles (PMB) were prepared by sonication lyophilization

(Lu et al., 2011). In brief, hydrogenated phosphatidylcholine
(>99% purity, Doosan Corporation Biotech BU, Korea), poly-
ethylene glycol 1500 (Qingming Chemical Plant, China), and
poloxamer 188 (Shenyang Chemical Plant, China) were dis-
solved in n-butanol (analytical grade, Beijing Chemical Plant,
China) and sonicated at 30 �C using a JY 92-II ultrasonic pro-
cessor (KunShan US Instrument Inc., China) at a frequency of
40 kHz and power of 160W for 3min. The PMB solution was
frozen at �20 �C and lyophilized at 5� 10� 4 Pa pressure for
20 h (at �48 �C for 15 h, then warmed up to 10 �C< 5 h). For
experiments, PMB solution was prepared by reconstituting
one vial of lyophilized PMB (150mg) with 2mL 0.9% w/v
NaCl solution. The PMB concentration in the solution formed
was approximately 2� 109 bubble/mL with an average diam-
eter of 3.4lm as measured by a Coulter counter (Coulter
Corporation, Hialeah, FL).

Animals studies

Establishment of a type 1 diabetes mellitus model
Male Sprague-Dawley (SD) rats, approximately 200 g, were
purchased from Shanghai Slake Laboratory Animal Co., Ltd.
The animals were handled according to protocols approved
by the ethics committee of Wenzhou Medical University, and
all animal-handling procedures were performed according to
the Guide for the Care and Use of Laboratory Animals from
the National Institutes of Health.

After one week of acclimatization prior to the experimen-
tal procedures, diabetes mellitus (DM) was induced in the
rats by intraperitoneal single injection of STZ (70mg/kg,
Sigma-Aldrich; St. Louis, MO, USA). On the 3rd and 7th days
and at 2weeks after STZ administration, fasting blood was
collected from the tail vein, and samples were analyzed for
blood glucose using a glucometer (Aque-Check, Roche, Basel,
Switzerland). Animals with fasting blood glucose levels
greater than 250mg/dL that stabilized over next two weeks
were considered diabetic. The rats in the control group were
injected with citrate buffer without STZ.

Experimental group and administration methods
The DM rats were then assigned randomly and equally (ten
rats per group) to five groups, including the DM group (DM
rats were treated with 1mL saline), NM-aFGF group (DM rats
were treated with 20 ug/kg NM-aFGF in 1mL saline), NM-
aFGF-PEG-lips group (DM rats were treated with 20 ug/kg
NM-aFGF-PEG-lips in 1mL saline), NM-aFGFþUTMD group
(DM rats were treated with a mixture of 20 ug/kg NM-aFGF
and PMB in 1mL saline combined with ultrasound treat-
ment), and NM-aFGF-PEG-lipsþUTMD group (DM rats were
treated with a mixture of 20 ug/kg NM-aFGF-PEG-lips and
PMB in 1mL saline combined with ultrasound treatment).
NM-aFGF and PMB were administered via the tail vein, and
the control group received 1mL saline injection. All treat-
ments were administered three times a week on Monday,
Wednesday and Friday for 16 consecutive weeks. The body
weight and blood glucose of the rats in each group were
detected before and after drug intervention.
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The UTMD delivery procedure was performed as we previ-
ously reported (Zhang et al., 2016). The animals were anes-
thetized with 2% isoflurane before the experiment. The
thoracic region was shaved, and the rats were placed in
supine position. The linear array transducer (15L8-w probe,
12–14MHz) was placed over the heart of the rat (depth ¼
3.0–4.0 cm) to view the papillary muscles of the ventricle.
The experimental solution was infused into the tail vein of
the sedated rats. When a large number of PMBs were seen
entering the heart, the ultrasound pulses were produced to
blast the PMBs (MI ¼ 1.9, exposure time ¼10 s, repeat three
times with off-intervals of 1 s to allow refilling of the tissue
with more microbubbles). After the bursting, the microbub-
bles completely disappeared from the heart.

Echocardiography
After drug treatment, all animals underwent transthoracic
echocardiography to detect cardiac function. The rats were
lightly anesthetized with inhaled isoflurane-o2 and imaged in
recumbent position. Two-dimensional and M-mode recording
were used to measure the following cardiac structures: left
ventricle end-diastolic diameter (LVEDD), left ventricle end-
systolic diameter (LVESD), left ventricle end-diastolic volume
(LVEDV), left ventricle end-systolic volume (LVESV), fractional
shortening (FS), and ejection fraction (EF). All derived meas-
ures by echocardiography were obtained by averaging the
readings of three consecutive beats.

Tissue preparation and HE staining
After the completion of cardiac function, the rats were sacri-
ficed, and their hearts were arrested in diastole by intraven-
tricular injection of potassium chloride solution (10%w/v).
One part of the left ventricular tissue samples from the papil-
lary muscle level was obtained and stored in 2.5% glutaralde-
hyde for electron microscopes studies. Another part of the
samples was embedded in paraffin and cut into 5 lm serial
paraffin sections. The remaining tissues were cryopreserved
in liquid nitrogen for molecular analyses, and 5 lm slices of
heart tissue were stained with hematoxylin and eosin (HE).
Morphological examination was performed using a
light microscope.

Masson staining
After deparaffinization and rehydration, the 5 lm cross-sec-
tions were stained with Masson staining and photographed
by a polarized microscope (Olympus, America) connected to
a video camera (Nikon, Japan). Magnification was set up at
�200. Perivascular fibrosis was not assessed. The collagen
volume fraction (CVF) was calculated using Image Pro Plus
6.0 as the percentage of red-stained area in the section.

Transmission electron microscopy
The left ventricular samples stored in 2.5% glutaraldehyde
were cut into approximately 1mm3 pieces for electron
microscopy. The myocardial tissues were then fixed in 1%
osmic acid. After dehydration by acetone and embedded in

Epon 812, the tissues were sectioned at 1 lm and stained
with toluidine blue. Ultrathin sections were cut from blocks
and mounted on copper grids. The grids were then counter-
stained with uranyl acetate and lead citrate solutions, exam-
ined in a JEM-1230 (JEOL, Tokyo, Japan) transmission
electron microscope.

Measurement of cardiac lipid hydroperoxide level and
MDA, SOD and GSH-px levels

The lipid hydroperoxide level, superoxide dismutase (SOD),
glutathione peroxidase (GSH-px) and malondialdehyde
(MDA) levels in the heart tissue were estimated using com-
mercially available lipid hydroperoxide, SOD, GSH-px and
MDA assay kits obtained from the Nanjing Jiangcheng
Bioengineering Institute (Nanjing, Jiangsu, China) following
the instructions of the manufacturer. The data were analyzed
spectrophotometrically with a SpectraMax M5 instrument
(Molecular Devices, CA, USA).

Immunohistochemical staining
Immunohistochemistry staining was used to detect the accu-
mulation of collagen I, collagen III, TGF-b11 and caspase-3.
The sections of each group were incubated in 3% hydrogen
peroxide (H2O2) for blocking endogenous peroxidase activity
and incubated with primary antibody against collagen I
(1:50), collagen III (1:50), TGFb1 (1:1000) and cleaved cas-
pase-3 (1:500) at 4 �C overnight. The sections were then incu-
bated with corresponding secondary antibodies and labeled
with horse radish peroxidase after being washed with PBS
for 3min � 5 times. Staining was achieved by DAB after
being washed with PBS and counterstained with hematoxy-
lin. The slides were washed briefly, mounted on resinene,
and observed under a light microscope. The staining inten-
sity was analyzed using image-pro Plus 6.0 software.

Western blotting assay
The Western blotting protocol was described in our previous
study (Zhao et al., 2016). The total protein of the heart tissue
was isolated from homogenized tissues with TRIzol
reagent (Invitrogen, Carlsbad, CA) using standard Invitrogen
protocols. After quantifying with bicinchoninic acid (BCA),
the proteins were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to a polyvinylidene fluoride (PVDF) membrane. After
blocking with 5% skim milk, the membrane was incubated
overnight in primary antibody (FGF1, AKT, p-AKT, GSK-3a/b,
p-GSK-3b, Nrf2, SOD2, NQO1, 1:1000, Abcam). The mem-
branes were then washed with TBST and incubated with spe-
cific horseradish peroxidase-conjugated secondary antibody.
Quantity One software was used to analyze the blots after
detection using enhanced chemiluminescence system.

TUNEL staining
TUNEL assay was used to assess the cell apoptosis. The 5 lm
sections were deparaffinized by washing in a graded ethanol
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series. According to the instructions of the manufacturer,
DNA fragments were determined using an ApopTag in situ
apoptosis detection kit (Biochemicals, Roche, CH). The optical
microscope was used to quantify the TUNEL positive cells at
400 magnification. The apoptosis index was measured by
counting the number of positive apoptotic cells under 20 vis-
ual high-power fields and presented as the mean number of
apoptotic cells per high-power field.

Statistical analysis

One-way ANOVA and Student’s t-test or Kruskal-Wallis test
were adopted for statistical comparison using the SAS 8.01
(1999–2000, SAS Institute Inc., Cary, NC, USA). The difference
was considered to be statistically significant when the p-
value was equal or less than .05.

Results

Characterization of blank and NM-aFGF-PEG-lips

The blank liposomes and NM-aFGF-PEG-lips are clearly
depicted in Figure 2(A,B). The blank and NM-aFGF encapsu-
lated liposomes were uniformly distributed and generally
spherical in shape with a diameter of nearly 100 nm. There
was no significant change in the morphology of the lipo-
somes before and after drug loading. In addition, the
dynamic light scattering results revealed that the average
particle size of the blank and NM-aFGF-PEG-lips was
83.97 ± 1.31 nm and 125 ± 2.14 nm, respectively (Figure 2(C)).
The zeta potential measurements were extremely significant
for the functional performance of the nanoliposomes (Huang
et al., 2019). The zeta potential values of the blank and NM-
aFGF loaded liposomes were �32.3 ± 1.3 and �23.7 ± 1.1,
respectively, suggesting that the liposomes may be stable
with minimal aggregation. Furthermore, the encapsulation
efficiency of NM-aFGF into liposomes was 87.9 ± 2.1%, indi-
cating that the NM-aFGF could be effectively encapsulated
by PEG-liposomes.

NM-aFGF-PEG-lips combined with UTMD treatment
against myocardial injury in DM rats

Myocardial injury was evaluated by HE staining. The body
weight and blood glucose were also measured. In the control

group, the myocardial structural was clear and well organ-
ized, without degeneration and destruction in the myofibrils
(Figure 3(A)). In contrast, perinuclear vacuolization, necrosis
and myofibrillary degeneration were obvious in the DM
group (Figure 3(A)). However, fewer alterations in myocardial
structural were observed in the NM-aFGF-treated groups
compared with the DM group (Figure 3(A)). Moreover, myo-
cardial structural abnormalities such as necrosis were rare,
and vacuolization and myofibrillar loss were not detected
under the microscope in the NM-aFGF-PEG-lipsþUTMD
group. The transmission electron micrographs (TEM) further
verified the protective effect of NM-aFGF-PEG-lips combined
with UTMD treatment against myocardial injury in a more
microscopic view (Figure 3(B)). The ultrastructure of the car-
diomyocytes from rat hearts of the control group displayed a
normal myocardial structure in which regular sarcomeres
comprised continuous myofibrils with numerous mitochon-
dria distributed in an orderly manner between myofibrils. In
the cardiomyocytes of the DM group, the myofibrils were
disrupted and irregular, and the mitochondria were enlarged
and rounded with the cristae appearing disordered.
However, these irregular and disordered structures were all
dramatically improved by NM-aFGF treatment. Among all
NM-aFGF treatment groups, the damage to myocardial ultra-
structure in the NM-aFGF-PEG-lipsþUTMD-treated rats was
markedly attenuated compared with the other NM-aFGF-
treated groups.

Body weight and blood glucose are regarded as general
indicators of diabetes. Compared with control group, the
body weight was significantly decreased (Figure 3(C)) in the
DM group (p< .05). The blood glucose in the DM group was
significantly elevated (Figure 3(D)) compared with that in the
control group (p< .05). There was no significant difference in
body weight or blood glucose between the DM group and
all forms of NM-aFGF-treated groups.

NM-aFGF-PEG-lips reverse cardiac function alterations
in diabetic rats

The cardiac structural evaluation was performed by echocar-
diogram after drug treatment. Through echocardiography,
there was a significant decrease in left ventricular ejection
fraction (LVEF) and fractional shortening (FS) in the DM
group compared with the normal control group (Table 1).

Figure 2. Characterization of blank and NM-aFGF-PEG-lips. (A) SEM of the blank liposomes. (B) SEM of the NM-aFGF-PEG-lips. (C) Size distribution of the blank and
NM-aFGF-PEG-lips. NM-aFGF-PEG-lips: non-mitogenic acidic fibroblast growth factor; PEGylated: liposomes; SEM: scanning electron microscopy.
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Figure 3. Effect of NM-aFGF-PEG-lips combine with UTMD treatment against myocardial injury. (A) Paraffin-embedded heart tissue was stained with hematoxylin
and eosin and examined under microscope (400 � ,bar ¼ 50lm). Arrows indicate cytoplasmic vacuolization, cardiomyocyte necrosis, myofibrillar loss and degener-
ation. (B) Representative transmission electron micrographs of cardiac tissues. (C) Quantitative analysis of the body weight of rats. N¼ 10 per group. (D)
Quantitative analysis of the blood glucose of rats. N¼ 10 per group. Data are presented as Mean ± SD. ap < .05 vs normal control group. NM-aFGF-PEG-lips: non-
mitogenic acidic fibroblast growth factor- PEGylated -liposomes; DM: diabetes mellitus; UTMD: ultrasound-targeted MB destruction; TEM: transmission electron
micrographs.
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After all forms of aFGF treatment, the values of LVEF and FS
were significantly increased (p< .05); moreover, the NM-
aFGF-PEG-lipsþUTMD group had the most pronounced
increase (p< .05). Other parameters of cardiac function such
as left ventricle end-diastolic diameter (LVEDD), left ventricle
end-systolic diameter (LVESD), left ventricle end-diastolic vol-
ume (LVEDV) and left ventricle end-systolic volume (LVESV)
were also detected. The DM group exhibited a significant
increase in LVEDD, LVESD, LVEDV and LVESV compared with
the control group (p< .05). After the drug treatment, the val-
ues of LVEDD, LVESD, LVEDV and LVESV were significantly
decreased compared with the DM group; in addition, the
NM-aFGF-PEG-lipsþUTMD group had the most pronounced
decrease (p< .05).

Effects of NM-aFGF-PEG-lips combined with UTMD on
cardiac interstitial fibrosis of diabetic rats

To gain insight into the effect of NM-aFGF-PEG-lips com-
bined with UTMD on cardiac fibrosis, Masson staining was
used to detect the levels of collagen deposition.
Representative images of Masson staining (collagen in blue)
and the quantification of myocardial collagen volume frac-
tion (CVF) are shown in Figure 4(A,E). Compared with the
control group, the DM group rat hearts displayed markedly
increased collagen content in the cardiomyocyte interstitial
areas. The value of CVF was also increased in the DM group
compared with that in the control group (p< .05). The NM-
aFGF administration groups prominently reduced the value
of myocardial CVF compared with the DM group. Among the
NM-aFGF administration groups, the NM-aFGF-PEG-
lipsþUTMD group showed the lowest CVF followed by the
NM-aFGF-PEG-lips group and NM-aFGF group. We further
determined the alleviative effect of the NM-aFGF-PEG-
lipsþUTMD treatment on cardiac fibrosis by detecting
collagen I, collagen III and TGF-b1 deposition through immu-
nohistochemical staining (Figure 4(B–D)). The quantitative
analyses of the expression of collagen I, collagen III and TGF-
b1 (Figure 4(F–H)) showed a similar trend consistent with
Masson staining.

Effects of NM-aFGF-PEG-lips combined with UTMD on
oxidative stress in cardiac tissues

The antioxidant capacity of NM-aFGF was determined by two
pivotal enzymes in scavenging oxygen radicals, SOD and
GSH-Px together with the levels of MDA and lipid hydroper-
oxide. As shown in Figure 5(A–D), the lipid hydroperoxide

concentration and MDA level in the DM group were signifi-
cantly higher than in the control group (p< .05), whereas
the enzymatic activities of SOD and GSH-Px were dramatic-
ally decreased in the DM group compared with the control
group (p< .05). These changes were all observably reversed
by NM-aFGF treatments compared with the DM group
(p< .05). In all NM-aFGF treatment groups, the therapeutic
effect of NM-aFGF-PEG-lipsþUTMD was the best.

Effects of NM-aFGF-PEG-lips combined with UTMD on
the protein expression levels of FGF1 and AKT/GSK-3b/
Nrff-2-related signaling pathways of oxidative stress in
cardiac tissues

The protein expression level of FGF1 was detected by
Western blot analysis to evaluate the delivery efficiency of
NM-aFGF-PEG-lips combined with UTMD. As shown in Figure
6(A–B), the protein expression level of FGF1 was decreased
significantly in the DM group compared with the control
group (p< .05). After treatment with different forms of NM-
aFGF, the protein levels of FGF1 were increased significantly
compared with the DM group. Furthermore, there was a sig-
nificant difference in FGF1 protein level between the
NM-aFGF-PEG-lipsþUTMD group and the other NM-aFGF
treatment groups (p< .05).

To further elucidate the regulatory mechanism of NM-
aFGF pertaining to oxidative stress, we detected the protein
levels of the AKT/GSK-3b-related signaling pathways (Figure
6(C–F)). We found that the phosphorylation levels of AKT (p-
AKT) and GSK-3b (p-GSK-3b) and the protein expression lev-
els of Nrf2, SOD2, and NQO1 in the DM group were strongly
downregulated compared with the control group (p< .05).
We also found that NM-aFGF upregulated the protein expres-
sion levels of p-AKT, p-GSK-3b, Nrf2, SOD2, and NQO1 in dia-
betic rats with different forms of NM-aFGF treatments
compared with the DM group (p< .05). Among the NM-aFGF
treatment groups, the rats in the NM-aFGF-PEG-lipsþUTMD
group revealed the highest level of p-AKT, p- GSK-3b, Nrf2,
SOD2, and NQO1 protein expression (p< .05).

Effect of NM-aFGF-PEG-lips combined with UTMD on
myocardial apoptosis induced by DM

TUNEL staining was performed to evaluate the effect of NM-
aFGF-PEG-lips combined with UTMD on DM-induced cardio-
myocyte apoptosis. The apoptotic cells were those with
brown staining in the nucleus. As shown in Figure 7(A and
D), the apoptosis index was significantly increased in the DM

Table 1. Results of LVEDD, LVESD, LVEDV, LVESV, LVEF and LVFS in experimental animals (n¼ 10).

Group LVEDD (mm) LVESD (mm) LVEDV (mL) LVESV (mL) LVEF (%) LVFS (%)

Control group 6.45 ± 0.25 3.50 ± 0.16 0.618 ± 0.067 0.110 ± 0.015 82.15 ± 2.32 45.67 ± 2.55
DM group 7.85 ± 0.27a 5.18 ± 0.26a 1.067 ± 0.102a 0.336 ± 0.049a 68.65 ± 2.35a 34.06 ± 1.74a

NM-aFGF 7.47 ± 0.29bc 4.75 ± 0.30bc 0.929 ± 0.102bc 0.263 ± 0.048bc 71.82 ± 2.97bc 36.46 ± 2.39bc

NM-aFGF-PEG-lips 7.17 ± 0.31bc 4.35 ± 0.27bc 0.830 ± 0.098bc 0.206 ± 0.035bc 75.23 ± 3.28bc 39.25 ± 2.83bc

NM-aFGFþUTMD 7.48 ± 0.23bc 4.73 ± 0.14bc 0.927 ± 0.070bc 0.262 ± 0.019bc 71.61 ± 3.41bc 36.60 ± 3.01bc

NM-aFGF-PEG-lipsþUTMD 6.83 ± 0.28b 3.89 ± 0.19b 0.726 ± 0.083b 0.148 ± 0.021b 79.46 ± 2.61b 43.02 ± 2.55b

Data are presented as Mean ± SD. ap< .05 vs control group; bp< .05 vs DM group; cp< .05 vs NM-aFGF-PEG-lipsþUTMD. NM-aFGF-PEG-lips: non-mitogenic
acidic fibroblast growth factor- PEGylated -liposomes; DM: diabetes mellitus; UTMD: ultrasound-targeted MB destruction.
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Figure 4. Effects of NM-aFGF-PEG-lips combine with UTMD on cardiac interstitial fibrosis of diabetic rats. (A–D) Representative images of Masson staining and
immunohistochemistry staining with collagen I, collagen III and TGF-b1 (400 � ,bar ¼ 50lm). (E) Quantitative analysis of collagen volume fraction (CVF) of rats.
N¼ 10 per group. (F–H) Quantitative analyses of the expression of collagen I, collagen III and TGF-b1, respectively. N¼ 10 per group. Data are presented as
Mean ± SD. ap < .05 vs control group; bp < .05 vs DM group; cp < .05 vs NM-aFGF-PEG-lipsþUTMD. NM-aFGF-PEG-lips: non-mitogenic acidic fibroblast growth fac-
tor- PEGylated -liposomes; DM: diabetes mellitus; UTMD: ultrasound-targeted MB destruction.
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group compared with the control group (p< .05), and differ-
ent forms of NM-aFGF interventions significantly decreased
the apoptosis index compared with that in the DM group
(p< .05). Among the NM-aFGF treatment groups, the NM-
aFGF-PEG-lipsþUTMD group exhibited the lowest apoptosis
index compared with the other treatment (p< .05). We fur-
ther detected the expression of apoptosis-related protein
cleaved caspase-3 by immunohistochemical staining (Figure
7(B,C)), which showed a similar trend consistent with
TUNEL staining.

Discussion

DCM is a serious and fatal complication of diabetes with a
population prevalence of 1.1% (Dandamudi et al., 2014).
Evidence suggests that oxidative stress-induced cardiac

dysfunction is a key factor in the development of DCM
(Xiang et al., 2020). In the present study, we used a struc-
ture-based aFGF mutant (NM-aFGF) as a model drug.
Through the structural modification of the native aFGF, NM-
aFGF retains myocardial protective effects such as antioxi-
dant stress activity and abrogates the oncogenicity of aFGF.
As a kind of protein drug, the major drawback of in vivo
application of NM-aFGF is its rapid clearance from blood due
to poor stability. Using nanoliposomes to encapsulate macro-
molecular protein drugs is one of the most promising and
extensively studied strategies for improving the pharmacoki-
netic behavior of therapeutic drugs by increasing their stabil-
ity in the blood (Shavi et al., 2016). In this study, we used
PEGylated phospholipid (DSPE-PEG 2000) as the membrane
material to prepare a novel NM-aFGF-PEG-nanoliposomes by
using water-in-water emulsification technology combined
with the secondary freeze-drying method. Compared with

Figure 5. Effect of NM-aFGF-PEG-lips combine with UTMD on antioxidative stress in cardiac tissues. (A) SOD activity; (B) MDA activity; (C) GSH-Px activity and (D)
Lipid hydroperoxide contents in the myocardial tissues. N¼ 10 per group. Data are presented as Mean ± SD. ap< .05 vs control group; bp< .05 vs DM group;
cp< .05 vs NM-aFGF-PEG-lipsþUTMD. NM-aFGF-PEG-lips, non-mitogenic acidic fibroblast growth factor- PEGylated -liposomes; DM: diabetes mellitus; UTMD: ultra-
sound-targeted MB destruction; SOD: Superoxide dismutase; MDA: malondialdehyde; GSH-Px: glutathione peroxidase.
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conventional nanoliposomes, PEG-nanoliposomes can avoid
the uptake of mononuclear phagocytic system (MPS) and
prolong their circulation time in the blood (Sujitha et al.,
2020). Through the investigation of the properties of NM-
aFGF-PEG-lips, NM-aFGF-loaded PEG-nanoliposomes were
observed to have a round shape with an encapsulation effi-
ciency as high as 87.9 ± 2.1%, which indicates that the novel
PEG-nanoliposome can efficiently encapsulate NMFGF1. After
different forms of NMFGF1 intervention, the content of FGF1
in myocardial tissue was significantly higher than that in the
DCM group and normal control group.

As a novel physiochemical targeted delivery technology,
UTMD can temporarily increase the permeability of the cell
membrane to increase the uptake of drugs or their carriers
in target cells, achieving the target delivery of drug or drug
carriers (Forbes et al., 2011). Moreover, ultrasound can also
increase the release of drugs from their carriers in target
sites, which further accomplishes the target treatment of
drugs (Jing et al., 2011). In this study, Western blot analysis
was used to evaluate the effectiveness of targeted delivery
of NM-aFGF into diabetic myocardial tissues by NM-aFGF-
PEG-lips combined with the UTMD technique. Due to the
lack of a specific NM-aFGF monoclonal antibody and because
NM-aFGF can bind to aFGF monoclonal antibody (Wu et al.,
2005), aFGF monoclonal antibody was selected for the
Western blotting assay to detect the aFGF content in myo-
cardial tissues (including NM-aFGF and aFGF). The results

showed that the endogenous aFGF content in the hearts of
DM rats was significantly decreased compared with the con-
trol group. However, after different forms of NM-aFGF inter-
ventions, the aFGF content in myocardial tissues weas
significantly higher than that in the DM group and normal
control group. This was partly due to the improvement of
cardiac function in DM rats after different forms of NM-
aFGF1 interventions, which led to an increase in endogenous
aFGF levels in the heart. Another important reason was that
exogenous NM-aFGF was given to increase the NM-aFGF lev-
els in the myocardium. In addition, compared with other
forms of NM-aFGF intervention groups as well as the DM
group and control group, the aFGF content in the NM-aFGF-
PEG-lipsþUTMD group was significantly increased (p< .05).
These results indicated that the combination of NM-aFGF-
PEG-lips and UTMD could achieve cardiac-targeted delivery
of NM-aFGF and significantly increase the levels of NM-aFGF
in rat myocardium.

STZ could induce insulin-dependent diabetes by damag-
ing the DNA of pancreatic islet b cells (Radenkovi�c et al.,
2016). Consistent with previous studies, the type I DM rat
model has been well established for research by intraperito-
neal injection of STZ, and it would further develop DCM
(Guo et al., 2015; Wang et al., 2017). After STZ injection, the
rats in our experiment displayed obvious diabetic signs such
as hyperglycemia, polyphagia, polydipsia and weight loss.
DCM is a typical cardiovascular system complication

Figure 6. Effects of NM-aFGF-PEG-lips combine with UTMD on the protein expression levels of FGF1 and AKT-related signaling pathways of oxidative stress in car-
diac tissues. (A) Expression of FGF1, p-AKT, AKT, p-GSK-3band GSK-3a/bin cardiac tissues as measured by western blot analyses. (B–D) The quantification data of
western blot for FGF1, p-AKT/AKT and p-GSK-3b/GSK-3a/b. (E) Expression of Nrf2, SOD2 and NQO1 in cardiac tissues as detected by western blot analyses. (F) The
quantification data of western blot for Nrf2, SOD2 and NQO1. N¼ 10 per group. Data are presented as Mean ± SD. ap < .05 vs control group; bp < .05 vs DM
group; cp < .05 vs NM-aFGF-PEG-lipsþUTMD. NM-aFGF-PEG-lips: non-mitogenic acidic fibroblast growth factor- PEGylated -liposomes; DM: diabetes mellitus;
UTMD: ultrasound-targeted MB destruction; GAPDH: glyceraldehyde 3-phosphate dehydrogenase.
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mediated by diabetes (Diao et al., 2011) and characterized by
myocardial left ventricular dysfunction, cardiomyocyte injury,
and apoptosis (Zhang et al., 2016). Consistent with those
characteristics, we found that the rats in the DM group dem-
onstrated a significant deterioration in LVEF and LVFS at
16weeks following STZ induction and verification of DM.

These results indicate that the cardiac functions were
decreased in the DM group. Multiple disorganized myocar-
dial fibers, nuclear vacuolization, more collapse and myofibre
vacuolization in the DM group observed by HE staining and
TEM further confirmed that rats developed typical DCM after
STZ injection. However, compared with the DM group, the

Figure 7. Effect of NM-aFGF-PEG-lips combine with UTMD on myocardial apoptosis induced by DM. (A) Representative images of TUNEL staining. Arrows indicate
the nucleus of TUNEL positive cells (400 � ,bar ¼ 50lm). (B) Representative images of immunohistochemistry staining with cleaved caspase-3 (400 � ,bar ¼
50lm). (C) Quantitative analyses of apoptosis index in myocardial tissues. (D) Quantitative analyses of the expression of cleaved caspase-3 protein in myocardial tis-
sues. N¼ 10 per group. Data are presented as Mean ± SD. ap < .05 vs control group; bp < .05 vs DM group; cp < .05 vs NM-aFGF-PEG-lipsþUTMD. NM-aFGF-PEG-
lips: non-mitogenic acidic fibroblast growth factor- PEGylated -liposomes; DM: diabetes mellitus; UTMD: ultrasound-targeted MB destruction.
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cardiac systolic function was significantly improved, and the
pathological changes in cardiac myocytes were reversed
toward normal conditions in different forms of the NM-aFGF
treatments, especially in the NM-aFGF-PEG-lipsþUTMD
group. Meanwhile, we also found no significant difference in
the blood glucose and body weight between the DM group
and NM-aFGF intervention groups after 16weeks of DM.
These results indicated that NM-aFGF-PEG-lips combined
with UTMD could improve cardiac function and reverse the
pathological changes of cardiomyocytes without affecting
the blood sugar and body weight of DM rats.

As an important contributor to the development of car-
diac dysfunction in DCM, myocardial fibrosis has been found
in both type I and type II diabetes (Adeghate, 2004; Tsch€ope
et al., 2004). The extracellular matrix (ECM) comprises colla-
gen, laminin, elastin and fibronectin (Daniels et al., 2009)
abnormally elevated ECM deposition, especially collagen
deposition, results in myocardial fibrosis (Huynh et al., 2014).
TGF-b1 has been reported to play an important role in regu-
lating collagen generation in DM rats by inducing the differ-
entiation of fibroblasts into myofibroblasts, which have
higher collagen production activity than fibroblasts (Wang
et al., 2014). In this study, Masson staining was used to

measure the collagen volume fraction (CVF), and immunohis-
tochemical staining was also used to detect the expression
of collagen I, collagen III and TGF-b1. Our data showed obvi-
ously increased CVF and upregulation of collagen I, collagen
III and TGF-b11 in rats of the DM group. However, the
increased CVF and upregulation of cardiomyocyte fibrosis-
associated proteins were significantly attenuated by the
treatment of different forms NM-aFGF, especially in the form
of NM-aFGF-PEG-lips combined with UTMD. These results
indicated that NM-aFGF-PEG-lipsþUTMD could efficiently
deliver NM-aFGF into cardiac tissues of diabetic rats; further-
more, NM-aFGF had a potentially protective effect on the
myocardium against fibrosis by inhibiting TGF-b1-
mediated collagen production and deposition.

Cardiomyocyte apoptosis is another key process in DCM.
Many studies have found increased cardiomyocyte apoptosis
in both diabetic patients and diabetic rat models . The
extent of cardiomyocyte apoptosis parallels the severity of
the DCM and its stage of evolution (Engel et al., 2004).
Caspase-3 is an important factor in regulating apoptosis.
Cardiomyocyte apoptosis has been reported to be enhanced
by DM-induced activation of caspase-3 pathways (Abdel-
Hamid & Firgany Ael, 2015). Caspase-3 is an inactive

Figure 8. Molecular mechanism of the NM-aFGF mediated inhibition of oxidative stress in rats hearts challenged with DCM. NM-aFGF: non-mitogenic acidic fibro-
blast growth factor; DCM: diabetic cardiomyopathy.
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precursor, and it is activated by converting to cleaved cas-
pase-3 in apoptotic cells (Zidar et al., 2006). In this study, we
used TUNEL staining and immunohistochemical staining to
investigate the extent of cardiomyocyte apoptosis and the
expression of cleaved caspase-3. Our results showed an
increased apoptosis index and upregulation cleaved caspase-
3 expression in the DM group. However, the apoptosis index
and expression of cleaved caspase-3 were significantly
decreased in different forms of NM-aFGF intervention groups,
especially in the NM-aFGF-PEG-lipsþUTMD group. The data
indicated NM-aFGF can be efficiently delivered into the car-
diac tissues of diabetic rats by PEG-nanoliposomes combined
with UTMD, which can play a role in attenuating cardiomyo-
cyte apoptosis caused by DM.

Oxidative stress is known to be associated with the devel-
opment of DCM. Evidence suggests that oxidative stress is
increased in response to hyperglycemia in the vascular tis-
sues of patients with DM, leading to impaired cardiac struc-
ture and function in the left ventricle of diabetic rats (Kramer
& Zinman, 2016). It is well known that SOD and GSH-px are
important enzymes that scavenge reactive oxygen species
(ROS) (Pan et al., 2014). MDA is the end-product of lipid per-
oxidation reaction between ROS and unsaturated fatty acids
on the cell membrane, and its content can indirectly reflect
the degree of oxidative stress (Malinska et al., 2010). In our
experiment, the lipid hydroperoxide and MDA contents as
well as the SOD and GSH-px activities were detected to
evaluate the level of oxidative stress in cardiac tissue. The
results showed a significant increase in oxidative stress in
rats of the DM group compared with the control group.
However, the oxidative stress was clearly attenuated in the
NM-aFGF-PEG-lipsþUTMD group compared with in the DCM
group and other NM-aFGF treatment groups. These data
indicate that NM-aFGF-PEG-lips combined with UTMD can
effectively deliver NM-aFGF to myocardial tissues. The NM-
aFGF further exerted an effect of attenuating oxidative stress
in STZ-induced diabetic rats as illustrated by the decrease in
MDA and lipid hydroperoxide and increased SOD and GSH-
px activity.

To further elucidate the regulatory mechanism of NM-
aFGF pertaining to oxidative stress, we revisited the Western
blotting results. As a downstream target of PI3K, AKT is
known as protein kinase B, which is activated by phosphoryl-
ation at Ser 308 and Thr 473 (Dhanasekaran et al., 2008). AKT
has been reported to have a clearly defined role in the regu-
lation of cardiovascular functions, including cardiac growth
and contractile function (Katare et al., 2010). The activity of
phosphorylated AKT (p-AKT) is impaired in DCM, leading to
myocardial injury and DCM progression (Bilim et al., 2008).
Moreover, increased AKT signaling reduces cellular oxidative
stress by high blood glucose (Westermann et al., 2007). GSK-
3b1, a major substrate of AKT, not only has central functions
in glycogen metabolism and insulin resistance (Wu et al.,
2014) but also plays a pivotal role in Nrf2 deactivation and
the initiation of oxidative injury (Xin et al., 2018). The GSK-
3b1 activity was blocked by the phosphorylation at Ser 9 (p-
GSK-3b1) after AKT activation. As a downstream target of
GSK-3b1, Nrf2 is regarded as important in the cell to protect

against oxidative stress by regulating the expression of its
downstream proteins, such as NOQ1 and SOD2 (Kobayashi &
Yamamoto, 2006). In the present study, we found that the
NM-aFGF-lipsþUTMD group showed the highest expression
of p-AKT, p-GSK3b1, Nrf-2, SOD2, and NOQ1 compared with
the DM group, control group and other forms of NM-aFGF-
treated groups. Consistent with the results from oxidative
stress, these data showed that the combination of NM-
aFGF-PEG-lips and UTMD can effectively deliver NM-aFGF to
myocardial tissues. NM-aFGF could further activate the AKT/
GSK-3b1/Nrf-2 signaling pathway by activating AKT, inhibit-
ing GSK-3b1 as well as upregulating Nrf2, NOQ1 and SOD2
(Figure 8), ultimately exerting myocardium protective effects
against oxidative stress in DM rats.

In conclusion, the present study confirmed that using
PEGylated nanoliposomes combined with UTMD can effect-
ively deliver NM-aFGF to the cardiac tissue of diabetic rats.
NM-aFGF can then inhibit myocardial oxidative stress dam-
age due to DM by activating the AKT/GSK/Nrf-2 signaling
pathway, thus improving myocardial structural and functional
lesions in diabetic rats. There results provide new guidance
for the clinical treatment of DCM.
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