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Apoptosis of cardiomyocytes is a critical outcome of myocardial ischemia-reperfusion injury (MIRI), which

leads to the permanent impairment of cardiac function. Upregulated E2F1 is implicated in inducing cardi-

omyocyte apoptosis, and thus intervention of the E2F1 signaling pathway via RNA interference may hold

promising potential for rescuing the myocardium from MIRI. To aid efficient E2F1 siRNA (siE2F1) delivery

into cardiomyocytes that are normally hard to transfect, a spherical, α-helical polypeptide (SPP) with

potent membrane activity was developed via dendrimer-initiated ring-opening polymerization of

N-carboxyanhydride followed by side-chain functionalization with guanidines. Due to its multivalent

structure, SPP outperformed its linear counterpart (LPP) to feature potent siRNA binding affinity and

membrane activity. Thus, SPP effectively delivered siE2F1 into cardiomyocytes and suppressed E2F1

expression both in vitro and in vivo after intramyocardial injection. The E2F1–miR421–Pink1 signaling

pathway was disrupted, thereby leading to the reduction of MIRI-induced mitochondrial damage, apopto-

sis, and inflammation of cardiomyocytes and ultimately recovering the systolic function of the myocar-

dium. This study provides an example of membrane-penetrating nucleic acid delivery materials, and it

also provides a promising approach for the genetic manipulation of cardiomyocyte apoptosis for the

treatment of MIRI.

1. Introduction

Acute myocardial infarction is an ischemic heart disease
caused by the rupture of atherosclerotic plaques in coronary
arteries, accounting for the leading rate of mobility and mor-
tality worldwide.1,2 Clinically, pharmacological thrombolysis or
direct coronary intervention is commonly used to restore the
coronary blood flow to the ischemic myocardium.3–5 However, a
growing body of evidence suggests that reperfusion will also
lead to myocardial ischemia-reperfusion injury (MIRI), impair-
ing the myocardial tissues and causing cardiomyocyte apopto-
sis.6 MIRI involves a complex process related to multiple patho-
physiological factors, such as elevated oxidative stress,7,8

inflammation,9,10 and mitochondrial dysfunction,11,12 which

collectively lead to the apoptosis of cardiomyocytes. Therefore,
rescuing cardiomyocytes from apoptosis during MIRI is crucial
for the protection of cardiac function. Cell cycle-related proteins
often take charge of regulating cell proliferation, differentiation,
and apoptosis during cell cycle progression, among which
E2F1 has been found to be unregulated and closely related to
the development of inflammation during MIRI.13–15 In addition,
upregulated E2F1 contributes to the damage of the myocardium
by impairing the mitochondrial function through the E2F1–
miR-421–Pink1 signaling pathway.16 Therefore, the inhibition of
E2F1 expression to reduce cardiomyocyte inflammation and
mitochondrial damage may be a promising strategy for the treat-
ment of MIRI.

Nowadays, RNA interference (RNAi) mediated by small
interfering RNA (siRNA) has become a revolutionary thera-
peutic paradigm for various human diseases because of its
high specificity and efficiency in silencing the expression of
disease-related genes via degradation of mRNA.17–19 siRNA is
membrane impermeable and prone to hydrolysis by nucleases,
and therefore an effective delivery vector is highly necessary
to mediate efficient intracellular siRNA delivery.20–24 Cationic
polymers are an important category of gene vectors as
exemplified by polyethyleneimine, polyamide dendrimers,
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poly(β-amino ester), and polypeptides, and they have been
demonstrated to mediate effective siRNA delivery.25–33 These
cationic materials form nanocomplexes (NCs) with negatively
charged nucleic acids via the electrostatic interaction, thereby
facilitating the cytosolic delivery often via the endocytosis
pathway. However, efficient cardiomyocyte transfection is chal-
lenging because the myocardium has a compact ventricular
muscle structure and cardiomyocytes are slowly dividing with
poor endocytic capability. Thus, polycationic NCs that nor-
mally enter cells via endocytosis are poorly taken up by cardio-
myocytes, and they tend to be trapped in the endolysosomes
after internalization, ultimately leading to a weak transfection
efficiency.34,35 Therefore, there is an urgent need to develop
siRNA delivery vectors with potent membrane activity, which
can enable highly efficient cytosolic transport and endolysoso-
mal escape.

To overcome the membrane barrier against siRNA delivery,
we have previously developed a cationic, α-helical polypeptide,
which features high membrane penetrating capability that is
closely related to its rigid, rod-like α-helical conformation. As
such, the helical polypeptide mediates efficient gene transfec-
tion by facilitating the cellular uptake and endolysosomal
escape of nucleic acid cargoes.36–39 To enhance the membrane
activity as well as gene delivery efficiency, the polypeptide is
tailored in terms of the cationic charges, hydrophobicity, and
aromaticity.40–42 Besides these structural parameters, engineer-
ing the multivalency of polycations has been demonstrated as
an effective strategy to strengthen the binding affinity with
gene cargoes and reinforce the molecular interactions with cell
membranes. To this end, a spherical α-helical polypeptide
(SPP) was herein developed using amine-terminated, third-
generation polyamidoamine (PAMAM, G3-NH2) as a macro-
initiator to induce the polymerization of γ-(4-propyloxybenzyl)-
L-glutamic acid-N-carboxyanhydride (POBLG-NCA), followed by
conjugation of guanidine onto polypeptide side-chain term-
inals. Compared with the linear α-helical polypeptide (LPP)
prepared with hexamethyldisilazane (HMDS) as the initiator,
SPP had stronger siRNA binding affinity and membrane
activity due to its multivalent topology that enhanced the posi-
tive charge density. Therefore, SPP mediated effective trans-
membrane delivery of E2F1 siRNA (siE2F1) into cardiomyo-
cytes and promoted efficient E2F1 silencing in the myocar-
dium after intramyocardial administration, alleviating mito-
chondrial damage and inhibiting cardiomyocyte apoptosis to
protect the myocardium from MIRI.

2. Results and discussion
2.1. Synthesis and characterization of SPP

POBLG–NCA was synthesized according to published pro-
cedures (Fig. S1†).40,41 Subsequently, the spherical polypeptide
PAMAM–PPOBLG was synthesized via ring-opening polymeriz-
ation (ROP) of POBLG–NCA as initiated by G3-NH2 at the
monomer to initiator [M]/[I] molar ratio of 100/1. The charac-
teristic peak of NCA in the 1H NMR spectrum (6.70 ppm) dis-

appeared after ROP (Fig. S2†), indicating the successful syn-
thesis of PAMAM–PPOBLG. The linear polypeptide PPOBLG
was synthesized via HMDS-initiated ROP of POBLG–NCA
according to published procedures.41 The degree of polymeriz-
ation (DP) and the polydispersity index (Đ) of PAMAM–

PPOBLG (DP = 87, Đ = 1.13) and POBLG (DP = 93, Đ = 1.18)
were determined by gel permeation chromatography (Fig. S3†).
Subsequently, the cationic, spherical α-helical polypeptide SPP
and linear α-helical polypeptide LPP were prepared by conju-
gating 6-azide hexaguanidine onto the side chains of PAMAM–

PPOBLG and PPOBLG by click chemistry (Fig. S4–S6†). 1H
NMR analysis showed that the characteristic peaks of the tri-
azole ring at 8.16 ppm and 6-azide hexaguanidine at 3.03 and
4.45 ppm appeared after click chemistry, indicating the suc-
cessful synthesis of SPP (Fig. S7†). The circular dichroism (CD)
spectra of SPP and LPP revealed two negative peaks at 208 nm
and 222 nm, indicating that both of them adopted the
α-helical structure with the calculated helicity of 61.7% and
68.1%, respectively (Fig. S8†).

2.2. Preparation and characterization of SPP/siE2F1 NCs

The siRNA condensation abilities of SPP and LPP were first
evaluated by agarose gel electrophoresis. As shown in Fig. 1A,
when the SPP/siRNA weight ratio reached 4, siRNA migration
was completely retarded, while a higher LPP/siRNA weight
ratio of 6 was required to completely retard siRNA migration.
It thus indicated that the spherical SPP had stronger siRNA
binding affinity than the linear LPP, which was mainly
ascribed to the multivalent structure and higher cationic
charge density of SPP. Furthermore, at the SPP/siRNA weight
ratio ≥ 4, SPP could effectively condense siRNA to form posi-
tively charged NCs with the hydrodynamic diameter of
150–200 nm (Fig. 1B). As the weight ratio of SPP/siRNA
increased, the particle size of SPP/siRNA NCs gradually
decreased while the positive zeta potential gradually increased.
When the ratio reached over 10, neither the particle size nor
the zeta potential significantly changed, and therefore the
optimal SPP/siRNA weight ratio of 10 was identified and
applied to the following experiments unless otherwise speci-
fied. Consistently, the transmission electron microscopy (TEM)
image showed that the particle size of SPP/siRNA NCs was
about 175 nm (Fig. 1C).

Subsequently, the ability of SPP to protect siRNA from degra-
dation by nucleases was investigated. As shown in Fig. S9,†
siRNA in SPP/siRNA NCs remained intact after incubation with
fresh rat serum (with plenty of nucleases) for 4 h, while in con-
trast, naked siRNA was mostly degraded. It thus indicated that
SPP/siRNA NCs could effectively protect siRNA from hydrolytic
degradation via stable complexation of the siRNA cargo.

2.3. In vitro cellular uptake and intracellular kinetics of SPP/
FAM–siRNA NCs

The internalization level of polymer/FAM–siRNA NCs in H9C2
cells (rat cardiomyocyte) was first determined by flow cytome-
try, and SPP mediated a significantly higher cellular uptake
level of FAM–siRNA than LPP and 25k PEI (Fig. 2A). Similar
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Fig. 1 Characterization of SPP/siRNA NCs. (A) siRNA condensation by SPP and LPP at various polypeptide/siRNA weight ratios as evaluated by
agarose gel electrophoresis. N represents naked siRNA. (B) Particle size and zeta potential of SPP/siRNA NCs at various SPP/siRNA weight ratios. (C)
TEM image of SPP/siRNA NCs (SPP/siRNA = 10, w/w).

Fig. 2 Cellular internalization and intracellular kinetics of SPP/FAM–siRNA NCs in H9C2 cells. (A) Flow cytometric histograms and the mean fluor-
escence intensity of H9C2 cells after 4 h incubation with naked FAM–siRNA or various FAM–siRNA-containing NCs (1 μg FAM–siRNA per mL, SPP/
siRNA = 10, LPP/siRNA = 10, 25k PEI/siRNA = 5, w/w, n = 3). (B) CLSM images of H9C2 cells after incubation with SPP/FAM–siRNA NCs (SPP/FAM–

siRNA = 10, w/w) for different times. Cell nuclei were stained with Hoechst 33258 (blue) and endolysosomes were stained with Lysotracker deep red
(red). The co-localization ratios between FAM–siRNA and endolysosomes are listed (n = 10).
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results were obtained when the cellular uptake level was deter-
mined by spectrofluorimetry (Fig. S10†). It thus indicated that
the spherical SPP possessed higher membrane activity than
the linear LPP and the commercial transfection reagent 25k
PEI to mediate the trans-membrane delivery of siRNA.

Subsequently, the internalization pathway of SPP/FAM–

siRNA NCs was studied by pre-treating H9C2 cells with various
endocytic inhibitors. Chlorpromazine (CPZ) can inhibit cla-
thrin-mediated endocytosis; genistein (GNT) and methyl-
β-cyclodextrin (mβCD) can inhibit caveolae-mediated endocyto-
sis; wortmannin (WTM) can inhibit macropinocytosis.43 As
shown in Fig. S11,† only WTM treatment led to pronounced
inhibition of the uptake level by ∼50%, while other inhibitors
showed a negligible inhibitory effect. It thus indicated that part
of the SPP/FAM–siRNA NCs entered the cells through macropi-
nocytosis, while the remaining may enter cells via the non-endo-
cytic mechanism. Upon effective internalization into cells, the

SPP/FAM–siRNA NCs could effectively escape from the entrap-
ment by endolysosomes, as evidenced by the obvious separation
of green fluorescence (FAM–siRNA) from red fluorescence (endo-
lysosomes stained by Lysotracker deep red) in H9C2 cells after
2 h and 4 h treatment with NCs (Fig. 2B).

2.4. In vitro gene silencing efficiency of SPP/siE2F1 NCs

Consistent with the above-mentioned cellular uptake level and
endolysosomal escape capability, SPP/siE2F1 NCs promoted
significantly higher gene silencing efficiency (72.8%) than
LPP/siE2F1 NCs (50.9%) and 25k PEI/siE2F1 NCs (39.3%,
Fig. 3A). It has been reported that the E2F1–miR421–Pink1 sig-
naling pathway plays an important role in cardiomyocyte apop-
tosis, wherein overexpressed E2F1 activates miR421 expression
and inhibits Pink1 transcription, subsequently impairing the
mitochondrial function and inducing cardiomyocyte apopto-
sis.35 Therefore, the expression levels of miR421 and Pink1

Fig. 3 SPP/siE2F1 NCs alleviated anoxia-induced mitochondrial damage, ROS burden, and the apoptosis of H9C2 cells. (A) Relative mRNA levels of
E2F1, miR421, and Pink1 in H9C2 cells (n = 3). (B) Polarization of the mitochondrial membrane as detected via JC-1 staining. (C) Relative mitochon-
drial membrane potential (Ψm) as determined by spectrofluorimetry (n = 3). (D) Intracellular ROS level as detected by DCFH-DA staining. (E)
Intracellular ATP level as determined by spectrofluorimetry (n = 3). (F) Flow cytometric analysis of H9C2 cells stained with annexin V-FITC/PI. The
apoptotic ratio (early apoptosis + late apoptosis) of cells is listed. H9C2 cells were treated with various NCs (SPP/siE2F1 = 10, SPP/siSC = 10, LPP/
siE2F1 = 10, 25k PEI/siE2F1 = 5, w/w) for 4 h, incubated in fresh medium for 20 h, and challenged with anoxia for 6 h before the above assessments.
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were further determined. As expected, miR-421 was downregu-
lated while Pink1 was upregulated after H9C2 cells were trans-
fected with SPP/siE2F1 NCs (Fig. 3A). Furthermore, SPP/siRNA
NCs exhibited lower cytotoxicity than LPP/siRNA NCs
(Fig. S12†), which may be attributed to the shorter length of
each single polypeptide on SPP that can reduce the damage to
the cell membrane.

2.5. Inhibition of mitochondrial damage

MIRI causes severe damage to mitochondria in cardiomyo-
cytes, which could be indicated by a decrease in the mitochon-
drial membrane potential (Ψm).

44,45 JC-1 is a mitochondrial
dye which aggregates to form a polymer and emits red fluo-
rescence when the mitochondrial membrane potential is high.
In contrast, when the mitochondria are damaged to afford a
low membrane potential, JC-1 fails to aggregate and thus
emits green fluorescence.46 As shown in Fig. 3B, a large
amount of green fluorescence appeared in anoxia-treated
H9C2 cells, while the green fluorescence was greatly dimin-
ished and the red fluorescence was enhanced after treatment
with SPP/siE2F1 NCs. Consistently, quantitative analysis
showed that SPP/siE2F1 NCs could remarkably inhibit the
anoxia-induced mitochondrial membrane depolarization, as
evidenced by the recovery of the mitochondrial membrane
potential by ∼86% (Fig. 3C).

Mitochondria are the main site of ROS and ATP production.
Physiologically, ROS are balanced through the redox system in
mitochondria. However, such a balance is disrupted upon MIRI-
caused mitochondrial damage, thus resulting in ROS burden. In
addition, impairment of the mitochondria leads to decreased

ATP production.47–49 As shown in Fig. 3D, the intracellular ROS
level (green fluorescence after staining with DCFH-DA) in H9C2
cells was increased after anoxia treatment, which however was
significantly reduced after SPP/siE2F1 NC treatment. In contrast,
the ATP level decreased in anoxia-treated H9C2 cells, while SPP/
siE2F1 NCs significantly increased the ATP level (Fig. 3E). These
results collectively suggested that SPP/siE2F1 NCs could effec-
tively inhibit the mitochondrial damage caused by MIRI, as a
result of the efficient disruption of the E2F1–miR421–Pink1 sig-
naling pathway.

2.6. In vitro anti-apoptosis efficiency of SPP/siE2F1 NCs

Mitochondrial damage will often lead to cell apoptosis.50

Therefore, the anti-apoptosis ability of SPP/siE2F1 NCs in car-
diomyocytes was further assessed by flow cytometry. As shown
in Fig. 3F, the apoptotic ratio of anoxia-challenged cardiomyo-
cytes decreased to ∼9% after treatment with SPP/siE2F1 NCs,
significantly lower than that of anoxia-treated cells (∼45%) and
close to that of un-challenged cardiomyocytes (∼5%).
Combined with the above findings, it was substantiated that
SPP/siE2F1 NCs could effectively decrease mitochondrial
damage, reduce ROS production, and restore ATP production
in cardiomyocytes after anoxia challenge, ultimately inhibiting
cardiomyocyte apoptosis.

2.7. In vivo gene silencing and anti-apoptosis efficiency of
SPP/siE2F1 NCs

The in vivo gene silencing efficiency of intramyocardially
injected SPP/siE2F1 NCs in the ischemic myocardium was first
determined by real-time PCR. As shown in Fig. 4A, SPP/siE2F1

Fig. 4 Intramyocardially injected SPP/siE2F1 NCs (250 µg siE2F1 per kg) mediated effective myocardial E2F1 silencing to alleviate cardiomyocyte
apoptosis post MIRI. (A) Relative E2F1 mRNA level in the ischemic myocardium (n = 4). (B) Western blot analysis on the E2F1 protein level in the
ischemic myocardium. (C) Representative images of ischemic myocardium sections stained with TUNEL. (D) Apoptosis ratio of the myocardium cal-
culated from (C) (n = 4).
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NCs effectively decreased the E2F1 mRNA level in the IR-
injured myocardium by ∼66%, significantly outperforming
LPP/siE2F1 NCs (∼38%) and 25k PEI/siE2F1 NCs (∼23%).
Western blot analysis further demonstrated that SPP/siE2F1
NCs can effectively downregulate the E2F1 protein level
(Fig. 4B). These results thus demonstrated that SPP could
mediate efficient intracellular siE2F1 delivery after intramyo-
cardial administration, thus promoting effective gene silencing
in the ischemic myocardium.

The anti-apoptotic effect of SPP/siE2F1 NCs was explored by
TUNEL staining. MIRI led to a large number of apoptotic cardio-
myocytes, and the apoptotic ratio reached 38.2% in the ischemic
myocardium (Fig. 4C and D). In contrast, the percentage of
apoptotic cardiomyocytes (brown) in the myocardium of MIRI
rats was significantly reduced after treatment with SPP/siE2F1
NCs, conferring the apoptotic ratio of 12.8%, significantly lower
than that in the myocardium treated with LPP/siE2F1 NCs
(21.9%) and 25k PEI/siE2F1 NCs (23.5%). It therefore demon-
strated that SPP/siE2F1 NCs could effectively inhibit cardiomyo-
cyte apoptosis after the efficient E2F1 silencing.

2.8. Alleviation of histopathological symptoms and reduction
of infarct size

To study the recovery of the IR-injured myocardium after NC
treatment, heart tissues were first analyzed by hematoxylin–
eosin (H&E) staining. As shown in Fig. 5A, cardiomyocytes
were disordered and deformed, and a large amount of inflam-
matory cells infiltrated into the myocardium of IR-injured rats.
However, these symptoms were significantly alleviated after
the administration of SPP/siE2F1 NCs. Consistently, the
expression level of TNF-α, an important pro-inflammatory cyto-
kine, was significantly downregulated in the myocardium sec-
tions of MIRI rats treated with SPP/siE2F1 NCs (Fig. S13 and
S14†). Moreover, MIRI-induced myocardial fibrosis was
notably diminished by SPP/siE2F1 NCs. As revealed by
Masson’s trichrome (MT) staining wherein the stained muscle
fibers appear red while the stained collagen fibers appear
blue,51 the fibrotic area of the myocardium in MIRI rats was
significantly decreased from 39.1% (saline group) to 12.3%
after treatment with SPP/siE2F1 NCs (Fig. 5B and D).

Fig. 5 SPP/siE2F1 NCs (250 µg siE2F1 per kg) alleviated myocardial damage and reduced the infarct size in rats after MIRI. (A) Representative images
of myocardium sections stained with H&E (A), MT (B), and TTC (C). (D) Fibrotic area calculated from MT staining images (n = 4). (E) Infarct size of the
myocardium calculated from the TTC staining images (n = 4). Histopathology analysis and infarct size measurement were performed at 7 d post NC
administration. Rats with no MIRI served as the sham group.
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Subsequently, the myocardial infarct size in MIRI rats was
determined by 2,3,5-triphenyte-trazoliumchloride (TTC) stain-
ing. In normal cells, abundant dehydrogenase can reduce TTC
into insoluble red triphenylformazan, whereas the dehydro-
genase activity is decreased in dead or inactive cardiomyocytes
that cannot be stained or can only be slightly stained.52 As
shown in Fig. 5C and E, the myocardial infarct area of
MIRI rats after treatment with SPP/siE2F1 NCs (13.6%, light
red area) was significantly smaller than that of MIRI rats
treated with 25k PEI/siE2F1 NCs (28.4%), LPP/siE2F1 NCs
(29.7%), and saline (49.4%), indicating that SPP/siE2F1 NCs
could effectively reduce the infarct size of MIRI rats, which
could be attributed to the efficient silencing of E2F1, inhi-
bition of mitochondrial damage, and reduction of cardiomyo-
cyte apoptosis.

2.9. Recovery of cardiac function

The inhibition of inflammatory cell infiltration, myocardial
fibrosis, and ischemia could improve the systolic function of
the left ventricle, thus contributing to the recovery of cardiac
function. Cardiac function of MIRI rats after treatment with
SPP/siE2F1 NCs was assessed by echocardiography on day 3
after MIRI. As shown in Fig. 6A and S15, rats treated with SPP/
siE2F1 NCs showed less change in the left ventricular function

and insignificant ventricular dilatation when compared with
sham rats without MIRI. The values of the ejection fraction
(EF, %) and fraction shortening (FS, %) of rats treated with
SPP/siE2F1 NCs were also close to those of sham rats yet sig-
nificantly higher than those of MIRI rats treated with LPP/
siE2F1 NCs or 25k PEI/siE2F1 NCs (Fig. 6B and C). It therefore
demonstrated that via efficient inhibition of cardiomyocyte
apoptosis and myocardium inflammation as a result of E2F1
silencing, SPP/siE2F1 NCs could effectively restore the systolic
function of rat hearts post MIRI.

2.10. Biocompatibility of SPP/siE2F1 NCs

The in vivo biocompatibility of SPP/siE2F1 NCs was examined
after intramyocardial injection (250 µg siE2F1 per kg) into
male Sprague-Dawley (SD) rats as described above for the
efficacy study. Compared to saline-treated rats, SPP/siE2F1 NC-
treated rats showed negligible abnormalities in the context of
representative hematological parameters and biochemical
parameters (Fig. S16†). In addition, in the H&E-stained cross-
sections of the major organs (heart, liver, spleen, lungs, and
kidneys), no necrosis, inflammation, edema, or other patho-
logical symptoms were detected (Fig. S17†). These results
suggested the desirable biocompatibility of SPP/siE2F1 NCs
after intramyocardial injection.

Fig. 6 SPP/siE2F1 NCs (250 µg siE2F1 per kg) recovered cardiac function against MIRI. (A) Echocardiographs of MIRI rats post treatment with saline
or various NCs. Ejection fraction (EF, B) and fraction shortening (FS, C) of the left ventricle as determined by echocardiography (n = 4). Rats with no
MIRI served as the sham control. Echocardiographic analysis of rats was performed at 3 d post NC administration.
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3. Conclusion

In this study, a spherical α-helical polypeptide SPP with potent
membrane activity was developed as an effective vehicle for
siRNA delivery into cardiomyocytes. SPP exhibited higher
siRNA binding affinity, higher trans-membrane delivery
efficiency, and lower cytotoxicity than linear LPP, mainly attrib-
uted to its spherical topology with multivalent presentation of
the rod-like α-helix. After intramyocardial injection, SPP/
siE2F1 NCs led to pronounced E2F1 silencing in the myocar-
dium, thereby interrupting the E2F1–miR421–Pink1 signaling
pathway to reduce mitochondrial damage, relieve ROS burden,
and inhibit the apoptosis of cardiomyocytes, finally rescuing
the myocardium from MIRI and restoring the cardiac function.
This study provides an effective polymeric solution to over-
come the membrane barrier against nucleic acid delivery, and
it provides a promising genetic approach for the management
of MIRI.
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