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Inhalable cardiac targeting peptide modified
nanomedicine prevents pressure overload
heart failure in male mice
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% Check for updates Heart failure causes considerable morbidity and mortality worldwide. Clini-
cally applied drugs for the treatment of heart failure are still severely limited by
poor delivery efficiency to the heart and off-target consumption. Inspired by
the high heart delivery efficiency of inhaled drugs, we present an inhalable
cardiac-targeting peptide (CTP)-modified calcium phosphate (CaP) nano-
particle for the delivery of TP-10, a selective inhibitor of PDEIOA. The CTP
modification significantly promotes cardiomyocyte and fibroblast targeting
during the pathological state of heart failure in male mice. TP-10 is subse-
quently released from TP-10@CaP-CTP and effectively attenuates cardiac
remodelling and improved cardiac function. In view of these results, a low
dosage (2.5 mg/kg/2 days) of inhaled medication exerted good therapeutic
effects without causing severe lung injury after long-term treatment. In addi-
tion, the mechanism underlying the amelioration of heart failure is investi-
gated, and the results reveal that the therapeutic effects of this system on
cardiomyocytes and cardiac fibroblasts are mainly mediated through the
cAMP/AMPK and cGMP/PKG signalling pathways. By demonstrating the tar-
geting capacity of CTP and verifying the biosafety of inhalable CaP nano-
particles in the lung, this work provides a perspective for exploring
myocardium-targeted therapy and presents a promising clinical strategy for
the long-term management of heart failure.

Heart failure is the leading cause of morbidity and mortality in humans, exploration of the molecular biology and targets involved in heart
affecting more than 26 million people worldwide'. As the world’s failure. However, many patients still have a poor prognosis and low
population ages, the global burden of heart failure is inevitably quality of life*. Additionally, numerous preclinical studies based on
increasing, and it is expected to substantially increase in the future. novel therapeutic targets have failed to meet their primary efficacy
Recently, remarkable advances have been made during the endpoints®>, with low cardiac specificity and delivery efficacy, which
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lead to the low efficacy of available therapeutic agents, being amongst
the critical explanations®. Consequently, it is imperative to explore
alternative delivery strategies to prevent heart failure.

The oral route is the most widely used route of administration for
daily heart failure therapies because it is non-invasive and promotes
patient compliance with long-term medication®®. However, several
physical barriers (e.g., the intestinal epithelium, intestinal mucus,
intestinal microorganisms and capillary barrier) limit the efficient
transport of drugs across the intestinal membrane. In addition, che-
mical substances in the gastrointestinal tract (including gastric juice,
proteases, digestive juice, or bile salts) and metabolic reactions in the
liver might prevent therapeutics from extravasating the target tissues®.
These shortcomings render oral delivery unreliable for the long-term
treatment of heart failure. Other invasive delivery strategies, such as
intravenous (LV.) injection, surgical approaches or catheter-based
approaches, partly improve the efficiency of drug delivery to the heart
but may lead to poor patient compliance and adherence, and they are
usually accompanied by the inevitable complications of myocardial
injury®’. However, an encouraging study by Miragoli et al

demonstrated the feasibility of using inhalation as an approach for
delivering therapeutic peptide-loaded calcium phosphate (CaP)
nanoparticles to diseased hearts’. Due to their substantial surface area
and good epithelial permeability and the abundant blood flow in the
lungs, small particles that are deposited in the lungs are rapidly
absorbed into the systemic circulation at high levels'®". Consequently,
inhalation allows high drug accumulation in the heart within a short
time’. Recently, Modica et al. verified the application of these CaP
nanoparticles as carriers of therapeutic microRNAs for heart failure'”.
However, the potential lung complications of chronic regimens, which
may limit the wide application of drug administration via inhalation
clinically", still need to be explored”" ™. According to previous stu-
dies, the long-term use of inhalable insulin leads to wheezing and
bronchoconstriction® and results in gradually increased loss of lung
function™*". In long-term clinical trials, lung cancer was reported in
some patients who received inhalable insulin'®", In addition, inhalable
levodopa has been utilized for the treatment of Parkinson’s disease,
but its clinical use is limited due to the increased risk of
bronchospasm?. Thus, avoiding lung complications is crucial for
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Fig. 1| Scheme of the heart failure prevention strategy involving the inhalation
of TP-10@CaP-CTP nanoparticles. a Fabrication of TP-10@CaP-CTP. CaP was first
loaded with TP-10 (TP-10@CaP) through a biomineralization-inspired strategy,
followed by incubation with DSPE-PEG-COOH to obtain TP-10@CaP-DSPE-PEG-
COOH. Then, CTPs was connected to TP-10@CaP-DSPE-PEG-COOH through an
EDC/NHS coupling reaction. b Inhalation delivery strategy for heart failure. 1) TP-
10@CaP-CTP nanoparticles were administered through via inhalation with a high-
pressure microsprayer aerosolizer. 2) TP-10@CaP-CTP nanoparticles crossed the

alveolar capillaries and were absorbed into systematic circulation. 3) Once they
entered the systemic circulation, the TP-10@CaP-CTP nanoparticles first arrived in
the left atrium and were then distributed in the myocardium through the coronary
arteries and cardiac microvasculature. 4) TP-10@CaP-CTP nanoparticles specifi-
cally target the failing myocardium. The released TP-10 effectively attenuated
cardiac hypertrophy and inhibited cardiac fibroblast proliferation, migration, and
activation, as well as ECM synthesis.
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Fig. 2 | Characterization of different nanoparticles prepared in each step. TEM
image of different intermediate products, including a, TP-10@CaP, b, TP-10@CaP-
DSPE-PEG, and ¢, TP-10@CaP-CTP nanoparticles collected at 12 h after preparation.
d Elemental mappings of Ca, P, C, and N in TP-10@CaP-CTP. e XPS and f FT-IR
spectra of different prepared nanoparticles. g Hydrodynamic diameter of different
prepared nanoparticles in water (0.4 mg/mL). h Zeta potentials of different

prepared nanoparticles in PBS at pH 7.4. n = 3 independent samples. i TP-10 loading
in TP-10@CaP-CTP analysis with different ratio of CaCl,/Na,HPO,4. n =3 indepen-
dent samples. In a-d, experiments were performed three times (b, c), with similar
results and a representative image is shown. The results are presented as the
mean + SD. Source data are provided as a Source Data file.

fulfilling the requirement of efficient drug delivery via inhalation.
Recent studies have shown that a cardiac-targeting peptide (CTP) with
the sequence CSTSMLKAC filtered by phage display technology exhi-
bits remarkable selectivity for the pathological myocardium?-*>
Although the potential binding mechanism remains unclear, drug
delivery carriers modified with CTP displayed clearly increased accu-
mulation of therapeutic agents in the pathological myocardium?-~,
Therefore, we hypothesized that the CTP modification strategy would
enable heart-targeted drug delivery to improve the accumulation of
therapeutic agents in the heart rather than administering a high dose
or multiple doses of each inhaled medication, thus reducing the
required therapeutic dose to be administered.

Here, a CTP-modified biodegradable CaP nanoparticle loaded
with TP-10 (denoted TP-10@CaP-CTP) was fabricated and delivered to
the myocardium via inhalation for the long-term management of
chronic heart failure (Fig. 1). TP-10 is a selective inhibitor of PDEI0A
that has been shown to be involved in the pathological process of heart
failure”. The use of TP-10 in a chronic heart failure mouse model was

indicated to attenuate cardiomyocyte (CM) hypertrophy and inhibit
cardiac fibroblast (CF) activation, proliferation and migration and
extracellular matrix (ECM) synthesis, thereby reversing the established
cardiac remodelling and improving cardiac function®. Compared with
other PDE inhibitors, TP-10 affects both CMs and CFs by regulating
intracellular cAMP and cGMP levels?. Furthermore, PED10A was pro-
ven to be a safe therapeutic target in phase Il clinical trials*. These dual
therapeutic effects and safety properties make TP-10 a promising small
molecule to prevent the pathogenesis of heart failure.

In this study, we showed that CTP modification combined with
inhalation delivery strikingly promoted TP-10 accumulation in the
heart. The TP-10@CaP-CTP nanoparticles also regulated intracellular
cAMP and cGMP levels in both CMs and CFs. Exploiting the heart-
targeting capacity of CTP, the inhaled TP-10@CaP-CTP nanoparticles
effectively attenuated pathological cardiac hypertrophy and cardiac
fibrosis remodelling, thereby improving cardiac function in a pressure
overload-induced heart failure mouse model. We elucidated that TP-
10@CaP-CTP might contribute to CM pathological hypertrophy via
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cAMP/AMPK signalling and inhibit CF activation in a cGMP/PKG-
dependent manner. Moreover, the long-term safety profile of the
nanoparticles in the lungs was evaluated by observing lung injury and
fibrosis during 18 weeks of inhalation therapy. Our study highlights
that using the engineered TP-10@CaP-CTP nanoparticles modified
with CTP and administered via the cardiopulmonary circulation could
be a promising approach for the long-term management of chronic
heart failure.

Results

Fabrication and characterization of the TP-10@CaP-CTP
nanoparticles

TP-10@CaP-CTP nanoparticles were synthesized based on the proce-
dures shown in Fig. 1a. In brief, TP-10@CaP nanoparticles were pre-
pared via a biomineralization-inspired strategy by mixing TP-10 with
CaCl, and Na,HPO, according to previous studies by Miragoli
et al.”’>?*, The transmission electron microscopy (TEM) image of TP-
10@CaP (Fig. 2a) showed that these nanoparticles had a homogeneous
and spherical morphology with a diameter of approximately 73 nm.
Then, the TP-10@CaP nanoparticles were modified with 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine conjugated polyethylene glycol
acid (DSPE-PEG-COOH) to obtain carboxyl-functionalized CaP (TP-
10@CaP-DSPE-PEQG). In this step, the phosphate head of DSPE coordi-
nated with the calcium ions of the TP-10@CaP nanoparticles, forming a
lipid layer and introducing carboxyl groups for further modification.
Unlike TP-10@CaP, TP-10@CaP-DSPE-PEG showed a smooth organic
surface by TEM (Fig. 2b), indicating the formation of a lipid layer.
Afterwards, TP-10@CaP-DSPE-PEG was reacted with the amino group
of CTP (CSTSMLKAC, Supplementary Fig. 1) by an EDC/NHS coupling
reaction to form the final product TP-10@CaP-CTP. The CTP with a
relative molecular weight of 943 g/mol was used after identification by
high-performance liquid chromatography (HPLC) and mass spectro-
metry (MS) analysis. Similarly, the as-obtained TP-10@CaP-CTP nano-
particles were also monodispersed and exhibited a uniform spherical
topology with a larger particle size of 85+3.7 nm (Fig. 2c). Further-
more, elemental mapping based on high-angle annular dark-field
scanning TEM showed that C, N, P, and Ca were homogeneously dis-
tributed in the TP-10@CaP-CTP nanoparticles (Fig. 2d). The X-ray
photoelectron spectroscopy (XPS) elemental analysis showed a typical
NIs peak in TP-10@CaP-CTP due to the presence of nitrogen in CTP,
while there were no obvious N signals in the spectra of TP-10@CaP-
DSPE-PEG and the original TP-10@CaP nanoparticles (Fig. 2e). More-
over, a significant increase in the C content was observed in TP-
10@CaP-CTP and TP-10@CaP-DSPE-PEG compared to that in TP-
10@CaP, suggesting the conjugation of DSPE and CTP, as further
proven by energy dispersive X-ray (EDX) spectroscopy (Supplemen-
tary Fig. 2). Fourier transform infrared (FT-IR) spectra were obtained
for the particles prepared in each step (Fig. 2f). Characteristic peaks at
1038 and 602 cm™ were observed in the spectra of both CaP-based
nanoparticles, corresponding to the v; and v, P-O vibrations of PO> in
CaP. Compared with the spectrum of TP-10@CaP, the TP-10@CaP-
DSPE-PEG spectrum showed new peaks corresponding to PEG (vc.y,
2910 cm™; 8¢y, 1450 cm™; and veo, 1112cm™) and -COOH (Ve—o,
1644 cm™), indicating that DSPE-PEG was successfully grafted onto the
surface of TP-10@CaP. After CTP modification, there was a new band at
1249 cm™ (vc.n), together with distinct stretching vibrations at 1644
and 1343 cm™ (C=0, CTP), belonging to the O=C-N-H group con-
necting the PEG and CTP moieties, confirming the successful combi-
nation of TP-10@CaP-DSPE-PEG with CTP by the EDC/NHS reaction.
After surface modification, the hydrodynamic diameter of the TP-
10@CaP-CTP nanoparticles was approximately 140 nm, which was
larger than that of the TP-10@CaP (92.9 nm) and TP-10@CaP-DSPE-
PEG (125.6 nm) nanoparticles, as indicated by dynamic light scattering
(DLS) measurements (Fig. 2g). Meanwhile, it can be observed that a
broad absorption band at approximately 602-618 cm™, indicating the

amorphous of TP-10@CaP. FT-IR spectra of of TP-10@CaP-DSPE-PEG
and TP-10@CaP-CTP exhibited two bands at 602 and 618 cm™ (v, P-O
vibrations of PO,*), which indicated that amorphous TP-10@CaP
turned into a more crystalline state, following a surface modification
process. The amorphous and crystalline states of these CaP-based
materials were also confirmed by the measurement of splitting factors
(Supplementary Fig. 3). Additionally, the TP-10@CaP and bare CaP
nanoparticles showed similar surface charges of approximately —20
mbV due to the negligible impact of drug encapsulation on the surface
charge. However, modification of the CaP nanoparticles with DSPE-
PEG-COOH changed the zeta potential to -34.8 £+1.9 mV due to the
negative charge of the carboxyl groups, confirming the formation of
the lipid layer. In contrast, due to the presence of primary amino
groups on CTP, the zeta potential of TP-10@CaP-CTP decreased to
-12.6 +1.2mV after the formation of amide bonds (Fig. 2h). These
results demonstrated that the CaP nanoparticles could be efficiently
loaded with TP-10 and modified with DSPE-PEG-COOH and CTP on the
surface. The obtained TP-10@CaP-CTP nanoparticles were well dis-
persed in different media (water, PBS, and DMEM) and showed a stable
mean hydrodynamic diameter and surface charge during 7 days of
incubation, indicating good colloidal stability (Supplementary Fig. 4).

To evaluate TP-10 loading, the total amount of TP-10 in the TP-
10@CaP-CTP nanoparticles was quantified. First, the amount of TP-10
in TP-10@CaP was determined to be 57.6% by HPLC-MS/MS, the
loading capacity of TP-10 in TP-10@CaP-CTP was determined to be
37.2%. It should be noted that we synthesized TP-10@CaP with a drug
loading of about 37.2% for subsequent experiments, which is mainly to
maintain consistency with TP-10@CaP-CTP at the dosage level of
monolithic structure. Moreover, the optimized encapsulation effi-
ciency (EE) of TP-10 was calculated to be 51.4 +3.1% with a CaCl,/
Na,HPO, ratio of 2:3 (Fig. 2i). The CTP bonding efficiency and EE were
evaluated by a similar procedure and finally determined by the BCA
assay, which showed the high binding of 22.3% (w/w%) and an EE% of
62.9 £ 0.9% (Supplementary Fig. 5).

Then, we further evaluated the capacity of the TP-10@CaP-CTP
nanoparticles to release TP-10 under different pH conditions (Sup-
plementary Fig. 6). As expected, the release of TP-10 from the CaP
structure was dependent on the pH. The release of TP-10 from both TP
-10@CaP and TP-10@CaP-CTP reached equilibrium within 12 h with
<10% release at pH 7.4, indicating the high stability of CaP under
neutral conditions. The percentage of TP-10 released from TP
-10@CaP-CTP dramatically increased to 46.2% at pH 6.5 and 67.7% at
pH 5.5 within 12 h. In contrast, the amount of TP-10 released from TP
-10@CaP over a span of 12 h increased to =49.3% and =72.5% at pH 6.5
and 5.5, respectively. It follows that surface modification with DSPE-
PEG and CTP may slow the degradation rate of the CaP structure and
subsequent drug release. As the microenvironment of the failing
myocardium during heart failure is mildly acidic*>*°, the pH-responsive
release of TP-10 will benefit the application of TP-10@CaP-CTP
nanoparticles for heart failure therapy.

In vivo accumulation of TP-10@CaP-CTP in the heart after neb-
ulized inhalation

After the nanoparticles were generated and characterized, the feasi-
bility of delivering TP-10@CaP-CTP by inhalation was systematically
evaluated to ensure that TP-10 was accurately delivered to the heart.
To this end, Cy5.5-labelled TP-10@CaP and TP-10@CaP-CTP nano-
particles were prepared. The stability of the Cy5.5-labelled TP-10@CaP-
CTP or TP-10@CaP nanoparticles was first evaluated by monitoring the
UV-Vis-NIR spectra (Supplementary Fig. 7). After dispersion in PBS for
7 days, no obvious change in the absorption peak of Cy5.5 was
observed in the UV-Vis-NIR spectrum, indicating that the Cy5.5 label
was stable. Then, the same dose of these two nanoparticle dispersions
were given to sham mice or mice that were subjected to transverse
aortic constriction (TAC) intravenously or via inhalation. The mean
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fluorescence intensity, which reflects the accumulation of the different
formulations, was determined at different time points by using an
in vivo imaging system. Ex vivo fluorescence imaging revealed that the
myocardial accumulation of the nanoparticles over time was accom-
panied by a decaying signal in the lungs, suggesting the passage of the
nanoparticles across the pulmonary barrier (Fig. 3a). In addition, TP
-10@CaP-CTP inhaled by TAC-operated mice presented the highest

signal at every time point (Fig. 3b). Similarly, free Cy5.5 also passed
through the pulmonary barrier, resulting in a decaying signal in the
lungs, but was unable to be retained in the myocardium due to rapid
diffusion and/or metabolism (Supplementary Fig. 8). Furthermore,
inhalation delivery also resulted in faster and greater accumulation of
the nanoparticles in the myocardium than LV. injection (Fig. 3a, b). In
addition, no fluorescence signal was detected 36 h after inhalation in

Nature Communications | (2024)15:6058



Article

https://doi.org/10.1038/s41467-024-50312-1

Fig. 3 | Heart targeting capacity of TP-10@CaP-CTP at the physiological, his-
tological and cellular levels. a Cy5.5-labelled TP-10@CaP or TP-10@CaP-CTP
(50 pL) was administered via inhalation or L.V. injection for ex vivo imaging to
evaluate the distribution of different nanoparticles in TAC and Sham mice at dif-
ferent time points (0.5, 1, 3, 6, and 24 h). b Time-course quantification of fluores-
cence signals from the heart and lung tissue. n =3 hearts or lungs in each group.
¢ Schematic of the heart-targeting capacity of TP-10@CaP and TP-10@CaP-CTP,
which were administered via inhalation or LV. injection. d IVIS images of the hearts
of TAC and Sham mice that received Cy5.5-labelled TP-10@CaP or TP-10@CaP-CTP
via inhalation or LV. injection at the peak time points (the peak for the inhalation
approach was 1 h, while that for LV. injection was 3 h). e Quantitative assay.n=5, 4,

4, 4, 5 and 4 hearts respectively. f Representative images showing the distribution
of Cy5.5-labelled TP-10@CaP and TP-10@CaP-CTP in heart tissue from mice after
inhalation treatment (1 h) or L.V. injection (3 h). n = 4 hearts in each group. Scale bar,
50 um. g Representative images showing the distribution of Cy5.5-labelled TP-
10@CaP and TP-10@CaP-CTP in primary CMs isolated from mice after inhalation
treatment (1 h) or L.V. injection (3 h). n =4 hearts in each group. Scale bar, 50 pm.
Quantitative assessment of fluorescence signals from h, heart tissue and i, primary
CMs. The results are presented as the mean + SD. For e, h, and i, statistical analysis
was performed using one-way ANOVA with the Bonferroni multiple comparison
correction. Source data are provided as a Source Data file.

the lungs of the sham or TAC-operated mice, which suggested that
there was no pulmonary retention of the nanoparticles (Supplemen-
tary Fig. 9).

The maximum signals were observed at 1h and 3 h in the inhala-
tion group and the LV. injection group, respectively (Fig. 3b). There-
fore, the tissues were harvested at these times for subsequent
comparative analysis (Fig. 3¢). The administration of TP-10@CaP-CTP
via inhalation resulted in significantly greater myocardial accumula-
tion than did the administration of TP-10@CaP-CTP via LV. injection in
TAC model mice at the peak time point (Fig. 3d, e). Moreover, the
accumulation of TP-10@CaP-CTP in the hearts of TAC mice was sig-
nificantly greater than that in the hearts of sham mice and TP-10@CaP-
treated TAC mice. Furthermore, there were no differences in myo-
cardial accumulation between TP-10@CaP with or without CTP
modification-treated sham mice and TP-10@CaP-treated TAC mice. To
verify the accumulation of nanoparticles in the myocardium, hearts
were harvested from mice in different groups, and frozen sections
were generated. Confocal laser scanning microscopy (CLSM) was
performed, and the results demonstrated that the delivery of TP-
10@CaP-CTP to TAC model mice by inhalation resulted in the highest
fluorescence intensity (Fig. 3f, h). Similar results were obtained after
evaluating primary mouse CMs isolated from different groups
(Fig. 3g, i). These results indicated that CTP only targeted hearts in a
pathophysiological state. This selectivity of CTP might facilitate
accurate drug delivery to the failing heart.

In addition, we observed the distribution of TP-10@CaP-CTP in
other major organs (including the liver, brain, spleen, and kidney).
Compared with LV. injection, inhalation resulted in less nanoparticle
accumulation in other organs but greater accumulation in the heart
(Supplementary Fig. 10). Moreover, mice that inhaled Cy5.5-labelled
TP-10@CaP-CTP showed greater fluorescence in heart tissue and less
fluorescence in the other major extrapulmonary organs than did mice
that received Cy5.5-labelled TP-10@CaP or free Cy5.5 (Supplementary
Fig. 11). The TP-10 levels in the myocardium and other major organs
were subsequently quantified via HPLC-ESI-MS/MS. Consistent with
the above results, the amount of TP-10, expressed as the injected dose
per gram of tissue (%ID/g), in the heart was calculated to be 5.74 +1.17%
in the TP-10@CaP-CTP group, which is notably greater than that in the
TP-10@CaP and free TP-10 groups (Supplementary Table 1). Moreover,
some TP-10 was detected in the liver and kidneys, as CaP nanoparticles
can accumulate in the liver due to absorption by the mononuclear
phagocyte system; those in the kidney likely accumulate due to renal
excretion”. Together, these data indicated that more TP-10@CaP-CTP
accumulated in the myocardium after delivery by inhalation than after
L.V. injection and CTP modification facilitated the specific targeting of
the CaP nanoparticles to the failing heart, which may reduce nano-
particle accumulation in other major organs.

In vitro efficacy of TP-10@CaP-CTP in attenuating adult mouse
CM (AMCM) pathological hypertrophy

Pathological cardiac hypertrophy is a critical pathological condition
that precedes heart failure’®*’. We explored whether CTP can target
CMs in vitro. Consistent with the data from the in vivo study, CTP

maodification significantly promoted the ability of TP-10@CaP-CTP to
target hypertrophic neonatal rat ventricular myocytes (NRVMs) sti-
mulated with phenylephrine (PE; 100 uM) in a CTP concentration-
dependent manner (Supplementary Fig. 12). Compared to the sub-
stantial cellular uptake of TP-10@CaP-CTP by PE-induced NRVMs, no
significant difference in nanoparticle accumulation in TP-10@CaP-
treated PBS- or PE-induced NRVMs or TP-10@CaP-CTP-treated normal
NRVMs was observed (Fig. 4a, b). These results confirmed the ability of
CTP to specifically target pathological CMs.

We then verified the therapeutic effect of TP-10@CaP-CTP nano-
particles on PE-induced AMCMs. As a selective inhibitor of PDE10A, TP-
10 was reported to regulate intracellular cAMP and cGMP levels***°.
Thus, we first measured the intracellular levels of cAMP and cGMP in
AMCMs by enzyme-linked immunosorbent assays (ELISAs). After sti-
mulation with PE for 24 h to induce pathological hypertrophy, the
intracellular cAMP and cGMP levels were strikingly lower (Fig. 4c).
However, treatment with TP-10@CaP-CTP abolished the ability of PE to
reduce the intracellular levels of cAMP and cGMP, while the effects
were weak in the TP-10@CaP groups (Fig. 4c). We further determined
the AMCM phenotype distribution in each group. We found that the
CM cell surface area was significantly increased after PE stimulation
(Fig. 4d, e). Moreover, the expression of hypertrophic marker genes,
including Nppa, Nppb and -MHC, increased (Fig. 4f-h). These changes
in phenotype could be attenuated by treatment with TP-10@CaP-CTP
nanoparticles but not CaP-CTP or TP-10@CaP nanoparticles.

Numerous previous studies have demonstrated the effect of the
cAMP/AMPK axis on various cell types after AMPK activation®. AMPK is
a natural energy sensor in mammalian cells that plays an essential role
in energy homeostasis, can protect against cardiac hypertrophy®*>*
and has numerous beneficial effects on heart failure®*>*>**, Moreover,
cAMP can lead to AMPK activation in a protein kinase A (PKA)- or
exchange protein activated by cAMP (EPAC)-dependent manner’'. This
evidence prompted us to explore whether the therapeutic effect of TP-
10@CaP-CTP was dependent on cAMP-induced AMPK activation. First,
we determined the phosphorylation level of AMPK in AMCMs by WB.
AMPK phosphorylation was significantly reduced in PE-stimulated
AMCMs, but this effect was reversed by treatment with TP-10@CaP-
CTP (Fig. 4i, j). Then, we used the AMPK inhibitor compound C (CC)
and found that the therapeutic effect of TP-10@CaP-CTP on cardiac
hypertrophy was blocked by CC, as indicated by the CM cell surface
area (Fig. 4k, 1). Moreover, CC abolished the effects of TP-10@CaP-CTP
on the downregulation of hypertrophic marker genes (Fig. 4m-o0).
These results indicated that TP-10@CaP-CTP nanoparticles can effec-
tively attenuate pathological hypertrophy of CMs via the cAMP/AMPK
signalling pathway.

In vitro efficacy of TP-10@CaP-CTP in CFs

Given that TP-10@CaP-CTP nanoparticles significantly accumulated in
the fibrotic regions of failing hearts, while TP-10@CaP not (Supple-
mentary Fig. 13). We explored the effects of TP-10@CaP-CTP nano-
particles on adult mouse CFs. In vitro, we found that TP-10@CaP-CTP
also possessed the capacity to target CFs stimulated by TGF-f3, a
fibrosis stimulant. The TP-10@CaP-CTP-treated TGF-B-induced CFs
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Fig. 4 | TP-10@CaP-CTP attenuated cardiomyocyte pathological hypertrophy
in vitro. a Representative images of the intracellular uptake of Cy5.5-labelled TP-
10@CaP and TP-10@CaP-CTP in PBS- or PE-induced (pretreated with 100 pM PE for
24 h) neonatal rat ventricular myocytes (NRVMs). Scale bar, 50 pm. b Quantitative
analysis of fluorescence signals from NRVMs. n = 3 biologically independent sam-
ples in each group. c Intracellular cAMP and cGMP levels in CMs determined by
ELISA. n =16 biologically independent samples in each group. d Representative
images of CMs after treatment. CMs were isolated from the left ventricle of adult
mice and pretreated with 25 pg/mL CaP-CTP, TP-10@CaP, TP-10@CaP-CTP, or
vehicle for 2 h, followed by treatment with 100 pM PE or vehicle for 24 h. Then, the
CMs were fixed and photographed under a microscope. Scale bar, 50 pm. e CM cell
surface area. n =91-102. f-h mRNA levels of hypertrophic marker genes in CMs
after the indicated treatments. n = 8 biologically independent samples in each

group. The results are presented as the mean + SD. i, j Western blot analysis and
quantification of AMPK expression and AMPK phosphorylation. GAPDH was used as
a loading control. n =4 biologically independent samples in each group.

k Representative images of CMs after different treatments. CMs were pretreated
with 25 pg/mL CaP-CTP, TP-10@CaP, TP-10@CaP-CTP, TP-10@CaP-CTP with the
AMPK inhibitor compound C (CC, 5 uM) or vehicle for 2 h, followed by treatment
with 100 pM PE or vehicle for 24 h. Scale bar, 50 pm. I CM cell surface area after
different treatments. n = 92-94. m-o0 mRNA levels of hypertrophic marker genes in
CMs after different treatments. n = 8 biologically independent samples in each
group. The results are presented as the mean+SD. Forb, ¢, e, f, g, h, j, I, m, n and
o, statistical analysis was performed using one-way ANOVA with the Bonferroni
multiple comparison correction. Source data are provided as a Source Data file.
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presented significantly greater nanoparticle accumulation. However,
upon comparing TP-10@CaP-treated TGF-B-induced CFs with TP-
10@CaP-CTP- or TP-10@CaP-treated normal CFs, no overt difference
was observed in nanoparticle accumulation (Supplementary Fig. 14).
This indicated that CTP might also target CFs in a pathological state.

To explore the therapeutic effect of TP-10@CaP-CTP on CFs, we
firstly isolated CFs from adult mouse hearts and then treated them
with TGF-f3 to promote fibrosis. We found that the intracellular cAMP
and cGMP levels both decreased after TGF-B stimulation, but this
effect was effectively reversed by TP-10@CaP-CTP (Supplementary
Fig. 15). We then determined the effects of TP-10@CaP-CTP on CF
activation and proliferation. A scratch wound healing assay and a
Boyden chamber migration assay showed that the TP-10@CaP-CTP
nanoparticles significantly inhibited TGF-B-induced CF migration
(Fig. 5a-d). Moreover, the CCK8 proliferation assay confirmed that CF
proliferation was significantly reduced after treatment with TP-
10@CaP-CTP nanoparticles (Fig. Se). a-Smooth muscle actin (a-SMA) is
a biomarker of CF activation. Immunostaining (Fig. 5f, g) and WB
analysis (Fig. 5h, i) confirmed the inhibitory effects of TP-10@CaP-CTP
nanoparticles on TGF-B-induced CF activation. The expression level of
the ECM protein o-1 type 1 collagen (Collal) was consistently
decreased after treatment with the TP-10@CaP-CTP nanoparticles
(Fig. 5h, j). Real-time quantitative PCR confirmed the inhibitory effects
of TP-10@CaP-CTP on the expression of Actal and the ECM-related
genes Collal, Col3al and Fnl (Fig. 5k).

According to the above results, TP-10@CaP-CTP reversed the
reduction in cAMP and cGMP levels in CFs stimulated by TGF-3 (Sup-
plementary Fig. 15). As an effector of cGMP, activated PKG exerts
antifibrotic effects on heart failure, thus inhibiting cardiac fibrosis and
improving cardiac function®*, This finding prompted us to explore
whether the inhibitory effect of TP-10@CaP-CTP nanoparticles on TGF-
B-stimulated CFs was cGMP/PKG dependent. We used a selective PKG
inhibitor, DT-2, and found that all of the effects of the TP-10@CaP-CTP
nanoparticles on CFs were blocked by treatment with DT-2 (Fig. 5).
These results demonstrated that TP-10@CaP-CTP nanoparticles could
inhibit CF activation, migration, and proliferation via a cGMP/PKG-
dependent mechanism.

Efficacy of inhaled TP-10@CaP-CTP in a pressure overload-
induced mouse model of heart failure

To evaluate the therapeutic effects of TP-10@CaP-CTP nanoparticles
on chronic heart failure, eight-week-old C57 male mice were subjected
to TAC surgery to establish a chronic heart failure mouse model, and
then the mice were treated with inhalable TP-10@CaP-CTP nano-
particles intratracheally (Fig. 6a). After the mice inhaled different
treatments (PBS, CaP-CTP, TP-10, TP-10@CaP and TP-10@CaP-CTP), it
was determined that TP-10@CaP-CTP treatment via inhalation sig-
nificantly improved the long-term survival rate of the heart failure
model mice (Fig. 6b). Moreover, six weeks after treatment, the PBS and
CaP-CTP treatment groups exhibited strikingly larger hearts (Fig. 6¢, d)
and greater heart weight/body weight ratios (Fig. 6h) than did the
sham group. In contrast, these effects were partially attenuated by
inhalation of TP-10 or TP-10@CaP but significantly improved by
inhalation of TP-10@CaP-CTP. Moreover, Masson staining and Sirius
staining revealed widespread cardiac fibrosis in PBS- and CaP-CTP-
treated mice (Fig. 6e, f, i). However, there was less cardiac fibrosis in
mice that received TP-10@CaP-CTP via inhalation. Additionally, wheat
germ agglutinin (WGA) staining showed that the cross-sectional areas
of CMs from PBS- and CaP-CTP-treated TAC model mice were
obviously larger than those of CMs from sham mice. However, TP-
10@CaP-CTP inhalation treatment significantly improved CM hyper-
trophy and exhibited better therapeutic efficacy than the TP-10 and TP-
10@CaP treatments (Fig. 6g, j). The plasma level of ANP, a biomarker
for heart failure, was also significantly reduced in the mice that
received TP-10@CaP-CTP via inhalation (Supplementary Fig. 16f).

Consistently, real-time quantitative PCR demonstrated that TAC-
induced hypertrophic (Fig. 6k) and fibrotic (Fig. 6]) marker expres-
sion was strikingly downregulated in the myocardia of mice that
inhaled TP-10@CaP-CTP. In addition, only when the dosage increased
threefold (e.g., inhalation of 7.5mg/kg/2 days) did the TP-10@CaP
nanoparticles show therapeutic efficiency similar to that of the TP-
10@CaP-CTP nanoparticles at the current dosage (2.5 mg/kg/2 days)
(Supplementary Fig. 17). Furthermore, the effects of different doses of
TP-10 on heart failure were evaluated (Supplementary Fig. 18). Inha-
lation of a high dosage of free TP-10 (3 mg/kg/2 days), which was
similar to the dosage used in previous studies®, partially ameliorated
the pathological changes associated with heart failure. However, this
effect was still inferior to that of TP-10@CaP-CTP inhalation at the
dosage of 2.5mg/kg/2 days (the dose of TP-10 was approximately
0.75mg). Finally, we explored the therapeutic efficacy of TP-10@CaP-
CTP nanoparticles administered via 1.V. injection. The effect on heart
failure after contrasting TAC was less pronounced after I.V. injection of
TP-10@CaP-CTP than after inhalation of TP-10@CaP-CTP (Supple-
mentary Fig. 19). These data suggested that TP-10@CaP-CTP inhalation
treatment effectively attenuated the pathological process of chronic
heart failure at a relatively low dosage.

Effects of inhaled TP-10@CaP-CTP on cardiac function

We then evaluated the effects of the inhaled nanoparticles on cardiac
function. Mice that received different nanodrug therapies via inhala-
tion for six consecutive weeks after TAC surgery were monitored by
mouse ultrasonic cardiography, and then CMs were isolated and sub-
jected to a shortening/relengthening assay (Fig. 7a). Echocardiography
suggested that the time-dependent worsening of cardiac systolic
function parameters, including ejection fraction (EF%) and fraction
shortening (FS%), was significantly improved by TP-10@CaP-CTP
treatment (Fig. 7b—d and Supplementary Fig. 16b, c). Moreover, the left
ventricular end-systolic diameter (LVESD) and left ventricular end-
diastolic diameter (LVEDD) were clearly ameliorated in mice that
received TP-10@CaP-CTP (Fig. 7e, f and Supplementary Fig. 16d, e).
These indices represent the size and blood pumping functionality of
the heart, and the results were consistent with the pathological chan-
ges described above (Fig. 6¢). In addition, the cardiac diastolic func-
tion parameter E/A ratio was also significantly improved by inhalation
of TP-10@CaP-CTP (Fig. 7g). Furthermore, AMCMs were isolated from
all the groups to evaluate their shortening/relengthening capacity.
Consistent with the echocardiography findings, AMCMs from TP-
10@CaP-CTP-treated mice presented notably improved contractile
function, as indicated by increased peak shortening (PS) and maximal
velocity of shortening/relengthening ( + dL/dt) and shortened time to
peak shortening (TPS) and time to 90% relengthening (TRoo)
(Fig. 7h-m). These results demonstrated that TP-10@CaP-CTP inhala-
tion treatment effectively improved cardiac systolic and diastolic
function in mice with TAC-induced heart failure and suggested that TP-
10@CaP-CTP inhalation therapy exerted significant cardio-protection
effect.

Biosafety evaluation of inhaled TP-10@CaP-CTP nanoparticles

Drug-induced side effects in the lungs are a critical factor to consider
for widely used inhalation therapy. In addition, chronic heart failure
patients usually require medication to be administered over the long
term. Thus, the long-term safety of inhaled TP-10@CaP-CTP nano-
particles in the lungs was carefully considered. Healthy male C57 mice
were administered TP-10@CaP-CTP nanoparticles (2.5 mg/kg/2 days)
via inhalation for 18 consecutive weeks to verify lung safety after long-
term inhalation treatment. We harvested lung tissues from mice that
had received treatment for 0, 3, 6,12, and 18 weeks and subjected them
to H&E and Masson staining. Compared with the control group, no
obvious inflammatory infiltration or fibrosis was observed in the TP-
10@CaP-CTP inhalation treatment group (Fig. 8a). Moreover, the lung
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W/D ratio, which indicates the degree of lung oedema, did not sig-
nificantly increase in the inhalation treatment group at the different
time points (Fig. 8b). In addition, we collected bronchoalveolar lavage
fluid (BALF) from the mice that received inhalation treatment, and BCA
assays showed that protein levels in the BALF were not significantly
elevated (Fig. 8c). Moreover, ELISAs demonstrated that there were no
obvious differences in the IL-13, IL-6, or TNF-a levels between the

inhalation treatment group and the control group (Fig. 8d-f). Fur-
thermore, we harvested lung tissue after six weeks of treatment. As
shown in Supplementary Fig. 20, TAC operation-induced chronic heart
failure would lead to pulmonary congestion and inflammatory infil-
tration. However, inhalation treatment with a low dosage of TP-
10@CaP-CTP (2.5mg/kg/2 days) or a high dosage of TP-10@CaP
(7.5 mg/kg/2 days) ameliorated lung injury in the animals with chronic
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Fig. 5 | The effect of TP-10@CaP-CTP on cardiac fibroblasts. CFs were isolated
from adult mice, serum starved for 24 h, and pretreated with 25 pg/mL CaP-CTP,
TP-10@CaP, TP-10@CaP-CTP, TP-10@CaP-CTP with 1 pM DT-2 or vehicle for 2 h
prior to treatment with TGF-3 (10 ng/mL) or vehicle for 24 h. a Representative
images of CF wound closure after the indicated treatments for 24 h. Scale bar,
500 um. b Representative images of migrated CFs after the indicated treatments
for 24 h. Scale bar, 200 pm. ¢ Statistical analysis of CF wound closure. n=5.

d Statistical analysis of migrated CFs. n =5 biologically independent samples in
each group. e CCK8 assay to evaluate the cell proliferation capacity of adult mouse
CFs. n=20 biologically independent samples in each group. f Representative
images of a-SMA expression in adult mouse CFs after the indicated treatments.

Scale bar, 200 pm. g Quantitative assessment of fluorescence intensity. n =3 bio-
logically independent samples in each group. h Western blotting analysis of a-SMA
and Collal in adult mouse CFs after the indicated treatments. GAPDH was used as a
loading control. i Quantitative assessment of a-SMA expression. n = 6 biologically
independent samples in each group. j Quantitative assessment of Collal expres-
sion. n = 6 biologically independent samples in each group. k, mRNA levels of the
indicated genes in adult mouse CFs after the indicated treatments. n = 6 biologi-
cally independent samples in each group. The results are presented as the

mean +SD. For ¢, d, e, g, i, j, and k, statistical analysis was performed using one-way
ANOVA with the Bonferroni multiple comparison correction. Source data are
provided as a Source Data file.

heart failure. These data indicated that long-term inhalation treatment
at a low dose (2.5 mg/kg/2 days for mice) or short- to medium-term
inhalation treatment at a high dose (7.5 mg/kg/2 days for mice) might
not lead to lung injury.

Finally, we verified the biocompatibility of the TP-10@CaP-CTP
nanoparticles. First, the toxicity of the TP-10@CaP-CTP nanoparticles
was evaluated by performing a CCK8 assay on AC16 cells, which are a
proliferating human CMs. No obvious cytotoxicity was observed when
the AC16 cells were treated with a high concentration of TP-10@CaP-
CTP nanoparticles (200 pg/mL), as shown in Supplementary Fig. 21a.
Then, we collected serum and tissue samples from healthy mice 4 h
after inhalation treatment and control mice to detect the inflammatory
response. The serum IL-1B, IL-6, and TNF-a levels were not significantly
elevated in the inhalation treatment group (Supplementary Fig. 21b).
H&E staining revealed no obvious histopathological changes in the
major organs (lung, liver, kidney, spleen, and brain) in the inhalation
treatment group (Supplementary Fig. 21c). In addition, we explored
whether TP-10@CaP-CTP can lead to complement activation. Plasma
samples were collected from the mice and coincubated with TP-
10@CaP-CTP. Then, the plasma levels of C3 and its activated fragments
(C3b and C3c) were detected by ELISA. There was no significant
increase in plasma C3, C3b or C3c levels (Supplementary Fig. 22a-c).
Moreover, plasma samples from mice that received TP-10@CaP-CTP
inhalation treatment were also subjected to ELISA. As expected, there
was no increase in plasma C3, C3b or C3c levels (Supplementary
Fig. 22d-f). These results demonstrated the good biocompatibility and
biosafety of the TP-10@CaP-CTP nanoparticles.

Discussion

Patients with heart failure, a chronic cardiovascular disease, require
lifelong treatment. Most commonly, drugs to treat heart failure are
administered orally. However, poor transport efficacy and first-pass
metabolism render oral delivery unreliable®. Moreover, drugs admi-
nistered via LV. injection might lead to poor patient adherence in the
long-term management of heart failure. Delivering drugs via inhalation
can solve these problems. However, two major challenges must be
overcome to allow the use of inhalation delivery in the long-term
management of chronic heart failure. First, both biodegradability and
biocompatibility are essential for the prolonged use of drug delivery
systems in the body. Second, avoiding lung complications is highly
important for efficient inhaled drug delivery. To address these issues,
in this study, we designed a biodegradable CaP nanoparticle-based
delivery system that supports the targeted delivery of drugs to the
heart via the cardiopulmonary circulation. Inhalation of the nano-
particles led to greater and faster cardiac accumulation than LV.
administration (Fig. 3a), which is consistent with previous studies®*',
Moreover, modification with CTP further enhanced nanoparticle
accumulation in failing hearts. Furthermore, we demonstrated the
therapeutic effects of our nanoparticles in vitro and in vivo. At the
same dosage, inhaled TP-10@CaP-CTP exerted better therapeutic
effects than inhaled TP-10 or TP-10@CaP. In addition, the dosage of TP-
10@CaP-CTP nanoparticles inhaled in this study (2.5mg/kg/2 days,

with a content of TP-10 that is equivalent to approximately 0.75 mg/kg/
2 days) was much lower than that used in a previous study (3.2 mg/kg/
day TP-10 for the prevention of heart failure by LV. injection)?. These
results may be attributed to the fact that the effective myocardial
accumulation of the TP-10@CaP-CTP nanoparticles can facilitate TP-10
delivery. Another explanation is that CaP nanoparticles can prolong
drug retention in the heart. In a previous study, the clearance of CaP
nanoparticles loaded with a mimetic peptide (MP) was delayed in the
heart’. The authors of this study found that inhaled CaP loaded with
MP had a much greater effect than that of free MP in the treatment of
diabetic cardiomyopathy. However, in our study, there were no sig-
nificant differences in the improvement of the pathological process of
heart failure or cardiac function between the free TP-10 inhalation
group and the TP-10@CaP group (Figs. 6 and 7). This discrepancy may
be due to the high protein binding of TP-10°**°. Thus, the levels of TP-
10 in the myocardium after administration of TP-10@CaP or free TP-10
were far from the minimal effective concentrations due to the high
protein binding nature of TP-10 in vivo. In contrast, TP-10@CaP-CTP
had good effects on preventing heart failure. Consequently, this
inhalable TP-10@CaP-CTP nanoparticle-mediated therapeutic strategy
is expected to be used to improve the efficacy of other small molecule
drugs, which has certain clinical relevance for reducing the drug
dosage used and minimizing side effects.

The main purpose of this study was to propose a heart-targeted
peptide (CTP) engineering strategy to promote nanodrug accumula-
tion in the failing myocardium. CTP was discovered via an in vivo
phage display technique and was determined to be an ischaemic
myocardium-homing peptide®. In previous studies, CTP was widely
used for targeted drug delivery in ischaemic heart disease”**2. How-
ever, few studies have explored the application of CTP for chronic
heart failure. The in vitro and in vivo studies demonstrated that CTP
strikingly promoted CaP nanoparticle targeting of the failing myo-
cardium in a pressure overload heart failure mouse model, and such
targeting only occurred with hearts in a pathological state. Our data
suggested that both CMs and CFs are targeted under pathological
stimulation. Interestingly, pulmonary epithelial cells and fibroblasts
were not targeted by this CTP-modified nanomedicine (Supplemen-
tary Fig. 23 and Fig. 24). We hypothesized that the targeting capacity of
CTP might be mediated by a specific combination of proteins or
receptors in CMs and CFs under pathological conditions; however,
more evidence is needed to confirm this hypothesis.

Clinically, adverse drug-induced respiratory reactions are a cri-
tical limitation of inhalable drugs for systemic delivery. In previous
studies, inhalable CaP nanoparticles were utilized as carriers of ther-
apeutic peptides or microRNAs for the treatment of diabetic
cardiomyopathy’ and heart failure, and the biosafety of only the CaP
nanoparticles was demonstrated. More recently, Alogna et al. per-
formed a 1-week daily inhalation toxicity study and demonstrated the
safety of inhalable dry powder CaP (dpCaP) nanoparticles. After
2 weeks of inhalation of dpCaP nanoparticles, chronic heart failure-
induced lung congestion and damage were significantly improved®. In
this study, we investigated the adverse effects of TP-10@CaP-CTP on
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the lungs with 18 weeks of monitoring. After long-term inhalation
treatment, no obvious lung injury was observed (Fig. 8). This may be
due to the targeting effect of the failing myocardium-targeting peptide
CTP in the nanoparticles, as achieving greater myocardial accumula-
tion reduces the therapeutic dosage and attenuates pulmonary burden
during nebulization. In addition, consisted with previous study*°, we
found that both inhalation treatment of TP-10@CaP in the high dosage

and TP-10@CaP-CTP in the low dosage could ameliorate pulmonary
congestion and injury, which induced by chronic heart failure (Sup-
plementary Fig. 20). These results demonstrated that long-term inha-
lation treatment at a low dose or short- to medium-term inhalation
treatment at a high dose were safe for lung. However, more observa-
tion may be required to verify the safety of inhalable drugs in the
future.
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Fig. 6 | Efficacy of inhaled TP-10@CaP-CTP in a pressure overload-induced
heart failure mouse model. a Schematic overview of inhalation treatment. Two
weeks after TAC or sham operation, the mice were treated with PBS, TP-10

(0.75 mg/kg/2 days), CaP-CTP (2.5 mg/kg/2 days), TP-10@CaP (2.5 mg/kg/2 days) or
TP-10@CaP-CTP (2.5 mg/kg/2 days) for six weeks via inhalation. b Survival curves of
the TAC and sham-operated mice after the indicated treatments. n=12.

¢ Representative images of the gross appearances of whole hearts. Scale bar, 1cm.
d Representative images of heart vertical sections stained with H&E. Scale bar,

2 mm. e Representative Masson staining images. Scale bars, 2 mm (top) and

200 pm (bottom). f Representative Sirius red staining images. Scale bar, 200 um.

g Representative wheat germ agglutinin (WGA) staining images of mice. Scale bar,
100 pum. h Ratios of heart weight to body weight (HW/BW).n=7,9,8,9,9 and 9
hearts respectively. i Statistical analysis of the fibrotic area of the myocardium.
n=12 mice in each group. j Statistical analysis of the cell surface areas. n=130-136
CMs from 6-7 mice in each group. k,  mRNA levels of the indicated genes in heart
tissue after the indicated treatments. n = 8-10 biologically independent samples in
each group. The results are presented as the mean + SD. Experiments were per-
formed three times (d-g) with similar results. For h-1, statistical analysis was per-
formed using one-way ANOVA with the Bonferroni multiple comparison correction.
Source data are provided as a Source Data file.

In addition, chronic pressure overload in heart failure patients is
usually complicated by an increase in muscularized lung vessels,
myofibroblast proliferation, and general lung fibrosis***. Since CTP
possesses the ability to target CFs, it was necessary to explore whether
CTP also targeted lung fibroblasts. In vitro, we confirmed that CTP did
not target lung fibroblasts with or without TGF-f stimulation (Sup-
plementary Fig. 24) or lung epithelial cells (Supplementary Fig. 23).
Moreover, in vivo, we did not observe a significant difference in pul-
monary nanoparticle retention between the sham and TAC groups.
Furthermore, the nanoparticles were not retained in the lung over time
(Supplementary Fig. 9). These findings indicated that CTP does not
target lung fibroblasts and that the CaP nanoparticles would not be
retained in pulmonary tissue. CTP was first discovered to target the
ischaemic myocardium by an in vivo phage display technique®. The
specific proteins or receptors highly expressed in the failing myo-
cardium (in the CMs and CFs) rather than in the lung might be involved
in CTP homing. These results confirmed the promising application of
inhalable TP-10@CaP-CTP nanoparticles in chronic heart failure
patients who have specific lung conditions.

We also revealed the potential mechanism underlying the ther-
apeutic effects of the TP-10@CaP-CTP nanoparticles, showing that
they attenuate cardiac hypertrophy and cardiac fibrosis via the CAMP/
AMPK and cGMP/PKG signalling pathways, respectively. TP-10 is a
selective inhibitor of PDE1OA that can hydrolyse both cAMP and
c¢GMP?, A recent study showed that PDEIOA is expressed in low levels
in the normal heart but highly expressed in failing hearts. In addition,
PDE1OA inhibition or deficiency inhibited cardiac remodelling and
improved cardiac function”. However, the potential underlying
mechanism is still unclear. In this study, we verified that TP-10@CaP-
CTP regulated the intracellular ;cAMP and cGMP levels in both CMs and
CFs, which is consistent with a previous study®. In addition, the ther-
apeutic effects were blocked by an AMPK inhibitor in CMs and a PKG
inhibitor in CFs. These results indicated that TP-10@CaP-CTP atte-
nuated CM hypertrophic changes in a cAMP/AMPK-dependent man-
ner, while CFs relied on cGMP/PKG signalling. Although these
experiments were preliminary, the results partially elucidated the
potential mechanism underlying the effects of TP-10@CaP-CTP on
CMs and CFs.

Despite the encouraging results of this study, the therapeutic
effect of the currently developed strategy has not shown a substantial
advancement over current clinical practice; thus, future investigations
should focus on the systematic optimization of inhalation-based
approaches, including various parameters involving atomization effi-
ciency, drug loading, and accumulation in the heart by targeted
design. In addition, some pathological lung conditions (such as
chronic obstructive pulmonary disease) might hinder drug absorption
via cardiopulmonary circulation. Future studies are needed to inves-
tigate and explore these challenges.

In summary, we presented an inhalable heart-targeting nano-
particle, TP-10@CaP-CTP, for the long-term treatment of chronic heart
failure. The high delivery efficiency of administration via inhalation
and CTP modification allows targeting of the pathological myo-
cardium and improve the local accumulation of the nanomedicine,

thus achieving better therapeutic outcomes with TP-10 and avoiding
adverse lung reactions. Upon delivery into the failing myocardium, the
CaP shell decomposes and TP-10 is released, which can effectively
attenuate cardiac remodelling and improve cardiac function. More-
over, inhaled TP-10@CaP-CTP displayed an improved therapeutic
effect in a pressure overload-induced mouse model. This study verified
the feasibility of using CTP for the treatment of pressure overload
heart failure and confirmed the biosafety of inhalable CaP nano-
particles for long-term treatment. Although this proof-of-concept
work is still in an early phase, we envision that this strategy based on
cardiopulmonary circulation delivery holds great promise for the long-
term management of chronic heart failure.

Methods

Materials and reagents

Calcium chloride (CaCl,), sodium citrate (NasCit), sodium phosphate
dibasic (Na,HPO,4), N-hydroxysuccinimide (NHS) and sodium hydro-
xide (NaOH) were obtained from the Aladdin Reagent Co. (Shanghai,
China).  N-(3-dimethylaminopropyl)-N-ethylcarbodiimide  hydro-
chloride (EDC-HCI), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine
conjugated polyethylene glycol acid (DSPE-PEG-COOH) and amine-
cyanine 5.5 (Cy5.5) were purchased from Sigma-Aldrich Trading Co.,
Ltd. (Shanghai, China). TP-10 was obtained from MedChemExpress
(Shanghai, China). CTP (CSTSMLKAC) was supplied by QYAOBIO
(Hubei, China). Deionized water (18.2 MQ cm) was used throughout all
the experiments. All reagents and chemicals were of analytical grade
and used as received without further purification.

Preparation and characterization of TP-10@CaP-CTP
nanoparticles

The CaP nanoparticles were synthesized according to previous
work®?*, Briefly, 5 mL of CaCl, (100 mM) and 5 mL of Na;Cit (500 mM)
were mixed, followed by the addition of 1mL of TP-10 in DMSO
(0.5mg/mL). Then, 5mL of Na,HPO, (150 mM) was added prior to
shaking for 30 min. Subsequently, the pH of the solution was adjusted
to approximately 12 by adding NaOH (1.0 M), and the mixture was
stirred for 1.5h. The product (TP-10@CaP) was dialyzed against
500 mL of deionized water (with a MW cut-off of 3500 Da) for 3 days
(replacing the water with fresh water every 24 h) and collected for
further use. Moreover, the CaP nanoparticles were prepared by the
same methods except that TP-10 was not added. The loading capacity
and EE of TP-10 were determined by HPLC-MS/MS, and the detection
conditions were the same as those used for the in vitro drug release
experiment, as presented in the Supplementary Information.

For CTP (CSTSMLKAC, Supplementary Fig. 1) modification, TP-
10@CaP was initially modified with DSPE-PEG-COOH. Five milligrams
of DSPE-PEG-COOH was predissolved in DMSO and then added to the
TP-10@CaP dispersion; the resulting mixture was stirred for 24 h. The
TP-10@CaP-DSPE-PEG nanoparticles were collected by centrifugation
and redispersed in 5mL of deionized water. Then, EDC (35 mg) was
added to the TP-10@CaP-DSPE-PEG dispersion, followed by the addi-
tion of NHS (53 mg) with ultrasonication. The mixture was stirred for
24 h to activate the carboxylic groups. Afterwards, 4 mL of CTP (2 mg/
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Fig. 7| The effect of inhaled TP-10@CaP-CTP on cardiac function. a Schematic of
the mouse cardiac function evaluation and CM shortening/relengthening assays.
After six weeks of inhalation treatment with PBS, TP-10 (0.75 mg/kg/2 days), CaP-
CTP (2.5 mg/kg/2 days), TP-10@CaP (2.5 mg/kg/2 days) or TP-10@CaP-CTP (2.5 mg/
kg/2 days), the mice were subjected to ultrasound cardiography, and CMs were
isolated from the left ventricle for shortening/relengthening assays.

b Representative echocardiography images from each study group after six weeks
of treatment. c-g Percent ejection fraction (EF%), percent fraction shortening (FS
%), left ventricular end-systolic diameter (LVESD), left ventricular end-diastolic

diameter (LVEDD), and the E/A ratio. n =8 mice in each group. h-m Primary CMs
were isolated from each study group at the 8-week time point prior to mechanical
assessment. Resting cell length, peak shortening (PS), maximal velocity of short-
ening (+dL/dt), maximal velocity of relengthening (-dL/dt), time to peak short-
ening (TPS), and time to 90% relengthening (TRoo) were measured. n =58 CMs from
3 mice in each group. The results are presented as the mean + SD. For

c-m, statistical analysis was performed using one-way ANOVA with the Bonferroni
multiple comparison correction. Source data are provided as a Source Data file.
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Fig. 8| Verification of the biosafety of inhaled TP-10@CaP-CTP nanoparticles in
the lung. Eight-week-old healthy male C57 mice were subjected to 18 consecutive
weeks of inhalation treatment with TP-10@CaP-CTP (2.5 mg/kg/2 days) to verify
lung safety after long-term inhalation treatment. a Representative H&E and Masson

staining images of lung sections from the inhalation treatment and control groups
at different time points (0, 3, 6, 12, and 18 weeks). Scale bar, 50 um. b Lung W/D
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ratio. ¢ Quantitative analysis of BALF protein concentrations and d-f, BALF levels of
IL-1B, IL-6, and TNF-a at different time points. n =3 biologically independent
samples in each group. The results are presented as the mean + SD. #P > 0.05. For

b-f, statistical analysis between two groups was determined using unpaired two-
tailed ¢ tests. Source data are provided as a Source Data file.

mL) was added. After gentle stirring overnight, the product TP-
10@CaP-CTP was collected by centrifugation and washed with deio-
nized water and ethanol several times. The amount of CTP bound and
EE were evaluated by a similar procedure and finally determined by a
BCA assay (Beyotime, #P0012) with a low limit of detection of 0.23 mg/
mL. Moreover, the CaP-CTP nanoparticles were prepared by the same
process but TP-10@CaP was replaced with CaP nanoparticles. In
addition, Cy5.5-labelled TP-10@CaP-CTP and TP-10@CaP nano-
particles were prepared through electrostatic adsorption. Briefly,
10 mL of a TP-10@CaP-CTP or TP-10@CaP dispersion (1 mg/mL) was
mixed with 1 mL of an amine-Cy5.5 DMSO solution and stirred at room
temperature overnight in the dark. The obtained Cy5.5-labelled TP-
10@CaP-CTP and TP-10@CaP nanoparticles were collected by cen-
trifugation, washed with deionized water and ethanol, and dispersed in
PBS for further in vivo imaging.

Cell culture

Primary CMs and CFs were isolated from male adult mice. Primary
NRVMs were isolated from male neonatal rats. M199 medium supple-
mented with 2% BSA, 1% ITS, 1% BDM, 1% CD lipids and 1% penicillin/
streptomycin was utilized to culture the CMs. Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% foetal bovine serum
and 1% penicillin/streptomycin was utilized to culture the CFs. AC16
cells were purchased from the Chinese Academy of Science Cell Bank
(Shanghai, China). MLE-12 and MLFs were purchased from Shanghai
Zhong Qiao Xin Zhou Biotechnology Co., Ltd. (Shanghai, China). AC16
and MLE-12 cells were cultured in DMEM supplemented with 10% foetal
bovine serum and 1% penicillin/streptomycin. MLFs were cultured in
mouse lung fibroblast complete culture medium (#PCM-M-06, Zhong
Qiao Xin Zhou, Shanghai, China) supplemented with 5% foetal bovine
serum, 5% IST and 1% penicillin/streptomycin. All cells were incubated
in a humidified 37 °C, 5% CO, culture incubator (Thermo Fisher Sci-
entific, Waltham, MA, USA) for subsequent experiments.

Experimental animals

Eight-week-old male C57BL/6]) mice were purchased from Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China). All animal
experiments were performed according to the Guidelines for the Care
and Use of Laboratory Animals published by the National Research
Council (U.S.) Institute for Laboratory Animal Research and were
approved by the Ethics Committee of Zhongshan Hospital, Fudan
University, Shanghai, China (approval no. 2023-004). The mice were
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given free access to food and water and housed under an alternating
12 h light-dark cycle in a room with constant temperature (22 +1°C)
and 50% relative humidity. We used age-matched male mice in all
animal experiments to avoid possible shielding of estrogen on heart
failure. Both sexes of rats were used to isolate neonatal ventricular
cardiomyocytes since it is difficult to separate male and female in
neonates. The mice were euthanized in a carbon dioxide (CO,)
chamber for experiments.

TAC mouse model

A heart failure mouse model was established by TAC-induced pressure
overload according to previous studies***, Briefly, eight-week-old
male C57BL/6 ] mice were anaesthetized by continuous administration
of inhaled isoflurane (2%) during surgery. Mice were subjected to
endotracheal intubation via a 22-gauge plastic catheter, which was
then connected to a ventilator. Afterwards, the left chest was opened,
and blunt dissection was performed at the proximal portion of the
sternum to access the thoracic aorta. A 27-gauge needle was placed on
the transverse aorta between the innominate region and the left
common carotid artery. Then, 6-0 silk sutures were used to ligate the
transverse aorta with the needle. Immediately after the aorta was
completely occluded, the needle was removed, and the thoracic cavity
was closed. Sham mice underwent the same procedure without liga-
tion. Aortic velocity peak pressure was determined by in vivo echo-
cardiography, and mice with gradients greater than 30 mmHg
were used.

Targeting ability of the nanoparticles in vivo

Four weeks after TAC or sham operation, the mice received intra-
tracheal treatment with 50 pL of PBS, Cy5.5-labelled TP-10@CaP or TP-
10@CaP-CTP. The mice were sacrificed at 0.5, 1, 3, 6, and 24 h to har-
vest heart tissue, which was then imaged with a Spectrum in vivo
imaging system (IVIS) (VISQUE, InVivo Elite). Moreover, 1h after
inhalation or 3 h after LV. injection, the hearts were harvested to
generate frozen specimens, which were cut into 6 pm cryosections for
immunofluorescence staining. In parallel, CMs were isolated from the
mice and fixed for immunofluorescence staining.

Mouse inhalation treatment

For inhalation treatment, a high-pressure microsprayer aerosolizer
(BioJane BioTech, cat. no.: BJ-PW-M) was used to deliver inhalable
agents to TAC model mice. Briefly, the mice were anaesthetized by
intraperitoneal injection of pentobarbital sodium (30 mg/kg) for
nebulization. Before tracheal cannulation, the mouths of the mice were
opened with a laryngoscope to visualize the porch of the trachea. The
tip syringe of the high-pressure microsprayer was gently fed into the
main trachea, and the aerosols were rapidly delivered.

In vitro TP-10 release from TP-10@CaP and TP-10@CaP-CTP

The in vitro release of TP-10 was measured using the dialysis bag dif-
fusion method. 1mg of TP-10@CaP and TP-10@CaP-CTP was dis-
persed in 5mL of PBS and then incubated in dialysis bags
(MWCO =8-14k). Then, the dialysis bag was immersed in 10 mL of
buffer at different pH values (7.4, 6.5 and 5.5) under stirring (300 rpm).
Then, 1 mL of media was collected at given time intervals for further
analysis and replaced with 1 mL of fresh buffer. The amount of released
TP-10 was determined by using HPLC-ESI-MS/MS (EXPEC 5250, Agilent
Technologies, Santa Clara, US). The chromatographic conditions are as
follow: stationary phase is a reversed phase HPLC-column (ZORBAX
RRHD Eclipse XDB-C18, 50 mm x 2.1 mm, 1.8 pm; Agilent Technologies,
USA), a mixture of triethylamine-glacial acetic acid buffer solution (pH
3.5) and acetonitrile (87:12, v/v) served as mobile phase and the flow
rate was fixed at 0.6 mL/min. For this established method, the limits of
detection (LODs) of TP-10 were estimated as the minimum con-
centration determined with a signal-to-noise ratio of 3 and the limit of

quantitation (LOQ) values taken by signal-to-noise ratio of 10. The LOD
and LOQ were determined to be 2.5 and 8 ng/mL, respectively.

In vivo biodistribution of TP-10@CaP-CTP

To quantify the amount of TP-10 delivered to the myocardium and
different organs, TAC model mice following 1h TP-10@CaP or TP-
10@CaP-CTP treatment through inhalation approach were sacrificed.
The different organs including heart, liver, spleen, lung, and kidney
were collected, washed and then homogenized in 1.0 mL of lysis buffer
with superfine homogenizer. Then, 200 pL of tissue lysate was mixed
with Triton X-100 under vortexing, following added 1.5 mL of the
extraction solution (HCI-IPA). After incubated at —20 °C overnight, the
samples were centrifugated and the amount of TP-10 was quantified by
HPLC-MS/MS according to the chromatographic conditions
described above.

Adult mouse CMs (AMCMes) isolation

Primary CMs were isolated according to a previously published
protocol*®. Briefly, after sacrifice, EDTA buffer was injected into the right
ventricle in situ. The ascending aorta was clamped, and the heart was
then transferred to a dish containing EDTA buffer. Next, the left ventricle
was perfused ex vivo using EDTA buffer, which was replaced with per-
fusion buffer when the thrombus was completely removed. Afterward,
collagenase buffer containing collagenase Il (Worthington, USA), col-
lagenase IV (Worthington, USA) and protease XIV (Sigma-Aldrich, Sin-
gapore) was injected into the left ventricle until the digestion was
completed. Then, the heart was dissociated by pipetting, and digestion
was terminated with stop buffer. The isolated cells were filtered with a
100 pm pore-size strainer and then allowed to settle by gravity for
20 min. After filtration, CM pellets were sequentially resuspended in
three intermediate calcium reintroduction buffers to gradually restore
the calcium concentration to physiological levels. Then, the precipitates
were collected. resuspended in culture medium, and cultured in a
humidified 37 °C, 5% CO, culture incubator for subsequent experiments.

Adult mouse CFs isolation

When the heart was dissociated and filtered with the 100 pm pore-size
strainer, the CFs were found in the supernatant fraction. After 20 min
of gravity settling, the supernatant was collected, centrifuged at 300 x
g for 5 min, resuspended in fibroblast media, and plated in 6 cm dishes.
The cell media was changed after 2 h of culture.

Neonatal rat ventricular myocytes (NRVMs) isolation

NRVMs were isolated from 1- to 3-day-old Sprague-Dawley rats (Vital
River Laboratory Animal Technology Co., Ltd, Beijing, China) using a
cardiomyocyte isolation kit (Miltenyi Biotec, #130-098-373) as pre-
viously described*. The isolated cells were cultured at 37°C in a
humidified 5% CO, incubator for 2 h. Then, collected the supernatant
which containing cardiomyocytes and transferred into another culture
dish with Dulbecco’s modified Eagle’s medium (DMEM, Gibco) sup-
plemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/
streptomycin (Gibco) for 24 h. NRVMs were then subjected to sub-
sequent experiments.

Measurement of intracellular cAMP and cGMP levels

CMs were stimulated with phenylephrine (100 uM) or vehicle for 24 h,
following by the treatment of 25ug/mL CaP-CTP, TP-10@CaP, TP-
10@CaP-CTP or vehicle for 1h. The cAMP and cGMP levels were
measured using cAMP and cGMP ELISA kits (Cayman, Ann Arbor, MI,
USA) according to the manufacturer’s protocol. Briefly, CMs were
lysed with 1 mL HCI (0.1 M) for every 35 cm? surface area, and then the
lysates were centrifuged at 1000 x g for 10 min. The supernatants were
collected and diluted 1:2 with dilation buffer. The samples and
reagents were added to 96-well plates and incubated at 4 °C overnight,
followed by five washes with wash buffer. Ellman’s reagent was added
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to the plate and incubated at room temperature for 2 h in the dark. The
plate absorbance was measured at 420 nm using a microplate reader.

Intracellular cAMP and cGMP levels in CFs were measured with a
similar procedure. Briefly, CFs were stimulated with TGF-§ (10 ng/mL)
or vehicle for 24 h, following by the treatment of 25 pg/mL CaP-CTP,
TP-10@CaP, TP-10@CaP-CTP or vehicle for 1 h. The subsequent steps
were the same as those mentioned above.

Boyden chamber migration assay

A Boyden chamber migration assay was performed to evaluate the
migration of adult mouse CFs (8 um pore size; Corning, Acton, MA,
USA). Briefly, after 24 h of serum starvation, CFs were added to the
upper chambers and cultured in serum-free DMEM. DMEM supple-
mented with 10% FBS and 1% P/S was added to the lower chambers.
Then, the CFs were pretreated with 25 pg/mL CaP-CTP, TP-10@CaP,
TP-10@CaP-CTP, TP-10@CaP-CTP with 1puM PKG inhibitor DT-2
(MedChemExpress, Shanghai, China) or vehicle for 2 h, followed by
treatment with TGF-f3 (10 ng/mL) or vehicle. After 24 h of incubation at
37 °C, the cells on the upper surfaces were removed with cotton swabs,
and migrated cells on the lower surfaces were fixed and stained with a
0.1% crystal violet solution. For each Boyden chamber, the total cell
numbers in six random fields were determined and analyzed.

Wound healing scratch assay

CFs were seeded into 24-well plates and cultured in DMEM supple-
mented with 10% FBS and 1% P/S. When the cells reached ~100% con-
fluence, they were serum starved for 24 h, and scratches were made
with a 200 uL pipette tip. Then, the cells were treated with 25 pg/mL
CaP-CTP, TP-10@CaP, TP-10@CaP-CTP, TP-10@CaP-CTP with 1pM
DT-2 or vehicle for 2 h, followed by 10 ng/mL TGF- or vehicle. Wound
closure was monitored for 24 h.

CCK-8 assay

CF proliferation was evaluated by using the CCK-8 cell counting kit
according to the manufacturer’s instructions. Briefly, CFs were seeded
in 96-well plates and cultured in DMEM supplemented with 10% FBS
and 1% P/S overnight. Then, the CFs were serum starved for 24 h. Next,
the CFs were pretreated with 25 ug/mL CaP-CTP, TP-10@CaP, TP-10@
CaP-CTP, TP-10@CaP-CTP with 1 uM DT-2 or vehicle for 2 h, followed
by treatment with TGF-f3 (10 ng/mL) or vehicle. After 24 h of treatment,
CCK-8 reagent (10 pL) was added to each well, and the plates were
incubated at 37 °C. The absorbance was measured at 450 nm using a
microplate reader.

Shortening/relengthening assay of ADCMs

The mechanical properties of the ADCMs were evaluated by a Softedge
MyoCam system (lonOptix Corporation, Milton, MA, USA)*. Briefly,
after isolation from the adult mouse, CMs were placed in a chamber
under an inverted microscope (Olympus, IX-70) in contractile buffer
(containing 135 mM NaCl, 10 mM HEPES, 1.0 mM MgCl,, 1.0 mM CaCl,,
10 mM glucose and 4.0 mM KCI (pH = 7.4)). Then, the CMs were
electrically stimulated at 0.5Hz, and relevant parameters were recor-
ded, including resting cell length, peak shortening (PS), maximal
velocity of shortening (+dL/dt), maximal velocity of relengthening
(=dL/dt), time-to-PS (TPS), and time-t0-90% relengthening (TRyo). The
parameters were analyzed by lonOptix Softedge software.

Echocardiography

Echocardiography was performed on TAC model and sham mice at O,
2,4, 6, 8 weeks by an expert laboratory technician who was blinded to
the mouse information. The mice were anesthetized via continuous
administration of inhaled 2% isoflurane. Echocardiography was per-
formed on anesthetized mice using a multimode small animal ultra-
sound imaging system (Vevo 3100, FUJIFILM Visual Sonics, Canada).
M-mode echocardiography on the short-axis was used to assess

cardiac systolic function. The E/A ratio and aortic blood flow velocity
were determined to evaluate mouse cardiac diastolic function. Pres-
sure gradients were determined at 1 week post TAC operation.

Lung wet/dry (W/D) ratio

After mouse sacrifice, the bilateral fresh lung tissues were harvested
and weighed (wet weight). Then, the lung tissues were incubated in an
oven at 60 °C for 48 h and weighed (dry weight).

Bronchoalveolar lavage fluid (BALF) analysis

One milliliter of PBS was instilled into the trachea and flushed three
times to collect BALF. The supernatant was stored after centrifugation
(400 g, 10 min). To evaluate alveolar-capillary permeability in the lungs,
the total protein level of the BALF was determined by the BCA Protein
Assay Kit (Beyotime, #P0012). Inflammatory cytokine levels in the BALF
were determined by enzyme-linked immunosorbent assay (ELISA).

RNA extraction and quantitative RT-PCR

Total RNA was extracted using TRIzol (Invitrogen) and reverse-
transcribed to cDNA using the PrimeScript™ RT Reagent Kit (cat. no.
DRRO37A, Takara, Japan). Gene expression levels were measured by
mixing target primers with SYBR Green master mix (Yeasen,
#11201ES03), and the reactions were performed with Bio-Rad’s CFX96
(Bio-Rad). Each reaction was performed in triplicate. The primers were
purchased from Tsingke Biological Technology (Shanghai, China) and
are shown in Supplementary Table 2.

ELISA

Serum and BALF inflammatory cytokine levels were determined by
ELISA according to the manufacturer’s instructions. The levels of IL-13
were measured using a mouse IL-1B ELISA kit (WELLBI, #EM30300M).
The levels of IL-6 were measured using a mouse IL-6 ELISA kit (WELLBI,
#EM30325M). The levels of TNF-a were measured using a Mouse TNF-
o ELISA kit (WELLBI, #EM30536M). The levels of ANP were measured
by a Mouse ANP ELISA kit (WELLBI, #EM30655M). The levels of Com-
plement C3 were measured by a Mouse Complement C3 ELISA kit
(WELLBI, #EM30760M). The levels of Complement C3b were mea-
sured by a Mouse Complement C3b ELISA kit (Biomatik, #EKC36654).
The levels of Complement C3c were measured by a Mouse Comple-
ment C3c ELISA kit (Yojanbio, #YJ-E-94812Q). All of the absorbance
values were measured using a microplate reader.

Immunofluorescence staining

Frozen heart sections were fixed with acetone for 10 min at -20 °C.
After washing three times with PBS, the sections were blocked with 5%
bovine serum albumin (BSA) for 1h at room temperature and then
incubated with primary antibodies overnight at 4 °C. Afterward, the
sections were washed with PBS three times and incubated with the
corresponding fluorescence-labelled secondary antibodies for 1h at
room temperature. After four washes with PBS, the sections were
counterstained with Antifade Mounting Medium with 2-(4-amidino-
phenyl)-6-indolecarbamidine dihydrochloride (DAPI) (Beyotime,
#PO0131). For cell immunofluorescence staining, a similar procedure
was performed, except the cell samples were fixed with 4% paraf-
ormaldehyde (PFA) (Beyotime, #P0099) for 10 min and permeabilized
with 0.5% Triton X-100 (Beyotime, #P0096) for 10 min at room tem-
perature. Images were captured using a confocal microscope (Olym-
pus FV3000, Japan). The primary antibodies that were used were as
follows: antibodies against cardiac troponin T (#ab209813, 1: 3000 for
cardiomyocytes), antibodies against Collal (#ab270993, 1:2000),
antibodies against Vimentin (#ab24525, 1:300) and cardiac troponin T
(#ab8295, 1: 2000 for myocardial tissue) were obtained from Abcam
(Cambridge, UK); antibodies against a-smooth muscle actin (#19245T,
1:500) were purchased from Cell Signaling Technology (MA, USA);
antibodies against Discoidin domain receptor 2 (#sc-81707, 1:50) was
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purchased from Santa Cruz Biotechnology (Dallas, USA); antibodies
against CD31 (#DIA-310, 1:200)was purchased from BIOZOL (Eching,
Germany); antibodies against Phalloidin (#40736ES75, 1:1000) was
purchased from Yeasen (Shanghai, China).

Western blot analysis

Cells were lysed in lysis buffer containing RIPA buffer (Beyotime,
#P0013C), PMSF, protease inhibitors, and phosphatase inhibitors. The
heart tissues were mixed with the abovementioned lysis buffer and
ground in a homogenizer (Servicebio, #KZ-5F-3D) according to the
manufacturer’s instructions. Then, the lysates were centrifuged at
14,000 x g (Thermo Fisher Scientific, 75004250) for 20 min at 4 °C,
and the supernatants were collected for Western blotting. The protein
concentrations were determined by BCA assay. Equal amounts of
protein were added to a sodium dodecyl sulfate-polyacrylamide gel
and separated by electrophoresis. Then, the proteins were transferred
to PVDF membranes. After blocking with 5% BSA for 1 h at room tem-
perature, the membranes were incubated with primary antibodies at
4 °C overnight. Next, the membrane was washed three times with TBST
and incubated with the HRP-conjugated secondary antibodies for 1 h at
room temperature. Afterward, specific bands were imaged using a Bio-
Rad detection system (Bio-Rad Laboratories, Hercules, CA, USA). The
images were analyzed using Image). The primary antibodies that were
used were as follows: antibodies against AMPKa (#2532, 1: 1000),
phospho-AMPKa (#2535, 1: 1000), and a-smooth muscle actin
(#19245 T, 1:1000) were obtained from Cell Signaling Technology (MA,
USA); antibodies against Collal (#ab270993, 1:1000) were purchased
from Abcam (Cambridge, UK).

Statistical analysis and software

All the data are presented as the mean + SEM. Two-tailed Student’s ¢ tests
were performed to compare two groups and identify differences. For
multiple group comparisons, one-way ANOVA was conducted, followed
by Bonferroni’s multiple comparisons test. A P value <0.05 was con-
sidered to indicate statistical significance. All data analyses were per-
formed with GraphPad Prism 8.0 software (San Diego, CA, USA).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The authors declare that all data needed to support the finding of this
study are presented in the article, the Supplementary Information and
the Source Data file. Source data are provided with this paper.

References

1. Heidenreich, P. A. et al. AHA/ACC/HFSA Guideline for the Man-
agement of Heart Failure: Executive Summary: A Report of the
American College of Cardiology/American Heart Association Joint
Committee on Clinical Practice Guidelines. Circulation 145,
e876-e894 (2022).

2. Bloom, M. W. et al. Heart failure with reduced ejection fraction. Nat.
Rev. Dis. Prim. 3, 17058 (2017).

3. Chung, E. S. et al. Changes in ventricular remodelling and clinical
status during the year following a single administration of stromal
cell-derived factor-1 non-viral gene therapy in chronic ischaemic
heart failure patients: the STOP-HF randomized Phase Il trial. Eur.
Heart J. 36, 2228-2238 (2015).

4. Hammond, H. K. et al. Intracoronary Gene Transfer of Adenylyl
Cyclase 6 in Patients With Heart Failure: A Randomized Clinical
Trial. JAMA Cardiol. 1, 163-171 (2016).

5. Greenberg, B. et al. Calcium upregulation by percutaneous
administration of gene therapy in patients with cardiac disease

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

(CUPID 2): a randomised, multinational, double-blind, placebo-
controlled, phase 2b trial. Lancet 387, 1178-1186 (2016).

Sahoo, S., Kariya, T. & Ishikawa, K. Targeted delivery of therapeutic
agents to the heart. Nat. Rev. Cardiol. 18, 389-399 (2021).
Sullivan, H. L., Gianneschi, N. C. & Christman, K. L. Targeted
nanoscale therapeutics for myocardial infarction. Biomater. Sci. 9,
1204-1216 (2021).

Anselmo, A. C., Gokarn, Y. & Mitragotri, S. Non-invasive delivery
strategies for biologics. Nat. Rev. Drug Discov. 18, 19-40 (2019).
Miragoli, M. et al. Inhalation of peptide-loaded nanoparticles
improves heart failure. Sci. Transl. Med 10, eaan6205 (2018).
Patton, J. S. & Byron, P. R. Inhaling medicines: delivering drugs to
the body through the lungs. Nat. Rev. Drug Discov. 6, 67-74 (2007).
Anderson, S. et al. Inhaled Medicines: Past, Present, and Future.
Pharm. Rev. 74, 48-118 (2022).

Modica, J. et al. Nano-miR-133a Replacement Therapy Blunts Pres-
sure Overload-Induced Heart Failure. Circulation 144,

1973-1976 (2021).

Liu, M. et al. Bispecific Antibody Inhalation Therapy for Redirecting
Stem Cells from the Lungs to Repair Heart Injury. Adv. Sci. 8,
2002127 (2020).

Liu, C. et al. Pulmonary circulation-mediated heart targeting for the
prevention of heart failure by inhalation of intrinsically bioactive
nanoparticles. Theranostics 11, 8550-8569 (2021).

Ye, Y., Ma, Y. & Zhu, J. The future of dry powder inhaled therapy:
Promising or discouraging for systemic disorders? Int J. Pharm. 614,
121457 (2022).

White, S. et al. EXUBERA: pharmaceutical development of a novel
product for pulmonary delivery of insulin. Diabetes Technol. Ther. 7,
896-906 (2005).

Goldberg, T. & Wong, E. Afrezza (Insulin Human) Inhalation Powder:
A New Inhaled Insulin for the Management Of Type-1 or Type-2
Diabetes Mellitus. PT 40, 735-741 (2015).

Heinemann, L. & Parkin, C. G. Rethinking the Viability and Utility of
Inhaled Insulin in Clinical Practice. J. Diabetes Res 2018,

4568903 (2018).

Balducci, A. G. et al. Pure insulin highly respirable powders for
inhalation. Eur. J. Pharm. Sci. 51, 110-117 (2014).

Martinez-Raga, J. et al. 1st International Experts’ Meeting on Agita-
tion: Conclusions Regarding the Current and Ideal Management
Paradigm of Agitation. Front Psychiatry 9, 54 (2018).

Wang, X. et al. Engineered Exosomes With Ischemic Myocardium-
Targeting Peptide for Targeted Therapy in Myocardial Infarction. J.
Am. Heart Assoc. 7, e008737 (2018).

Kanki, S. et al. Identification of targeting peptides for ischemic
myocardium by in vivo phage display. J. Mol. Cell Cardiol. 50,
841-848 (201M).

Chen, S. et al. A Novel Role of Cyclic Nucleotide Phosphodiesterase
10A in Pathological Cardiac Remodeling and Dysfunction. Circula-
tion 141, 217-233 (2020).

Di Mauro, V. et al. Bioinspired negatively charged calcium phos-
phate nanocarriers for cardiac delivery of MicroRNAs. Nanomedi-
cine 11, 891-906 (2016).

Lau, A. Z., Miller, J. J. & Tyler, D. J. Mapping of intracellular pH in the
in vivo rodent heart using hyperpolarized [1-13C]pyruvate. Magn.
Reson Med 717, 1810-1817 (2017).

Vaughan-Jones, R. D., Spitzer, K. W. & Swietach, P. Intracellular pH
regulation in heart. J. Mol. Cell Cardiol. 46, 318-331 (2009).
Gustafson, H. H., Holt-Casper, D., Grainger, D. W. & Ghandehari, H.
Nanoparticle Uptake: The Phagocyte Problem. Nano Today 10,
487-510 (2015).

Schiattarella, G. G. & Hill, J. A. Inhibition of hypertrophy is a good
therapeutic strategy in ventricular pressure overload. Circulation
131, 1435-1447 (2015).

Nature Communications | (2024)15:6058

17



Article

https://doi.org/10.1038/s41467-024-50312-1

29. Nakamura, M. & Sadoshima, J. Mechanisms of physiological and
pathological cardiac hypertrophy. Nat. Rev. Cardiol. 15,

387-407 (2018).

30. Schmidt, C. J. et al. Preclinical characterization of selective phos-
phodiesterase 10A inhibitors: a new therapeutic approach to the
treatment of schizophrenia. J. Pharm. Exp. Ther. 325, 681-690 (2008).

31. Aslam, M. & Ladilov, Y. Emerging Role of cAMP/AMPK Signaling.
Cells 11, 308 (2022).

32. Zaha, V. G. & Young, L. H. AMP-activated protein kinase regulation
and biological actions in the heart. Circ. Res. 111, 800-814 (2012).

33. Tang, X. et al. SIRT2 Acts as a Cardioprotective Deacetylase in
Pathological Cardiac Hypertrophy. Circulation 136, 2051-2067
(2017).

34. Chen, H. et al. Thymoquinone ameliorates pressure overload-
induced cardiac hypertrophy by activating the AMPK signalling
pathway. J. Cell Mol. Med 26, 855-867 (2022).

35. Kim, T.T. &Dyck, J. R. Is AMPK the savior of the failing heart? Trends
Endocrinol. Metab. 26, 40-48 (2015).

36. Feng, Y., Zhang, Y. & Xiao, H. AMPK and cardiac remodelling. Sci.
China Life Sci. 61, 14-23 (2018).

37. Meng, L. et al. NPRC deletion attenuates cardiac fibrosis in diabetic
mice by activating PKA/PKG and inhibiting TGF-betal/Smad path-
ways. Sci. Adv. 9, eadd4222 (2023).

38. Vettel, C. et al. PDE2-mediated cAMP hydrolysis accelerates cardiac
fibroblast to myofibroblast conversion and is antagonized by exo-
genous activation of cGMP signaling pathways. Am. J. Physiol. Heart
Circ. Physiol. 306, H1246-H1252 (2014).

39. Verhoest, P. R. et al. Discovery of a novel class of phosphodiester-
ase 10A inhibitors and identification of clinical candidate 2-[4-(1-
methyl-4-pyridin-4-yl-1H-pyrazol-3-yl)-phenoxymethyl]-quinoline
(PF-2545920) for the treatment of schizophrenia. J. Med. Chem. 52,
5188-5196 (2009).

40. Megens, A. A. et al. Pharmacology of JNJ-42314415, a centrally
active phosphodiesterase 10A (PDE10A) inhibitor: a comparison of
PDE10A inhibitors with D2 receptor blockers as potential anti-
psychotic drugs. J. Pharm. Exp. Ther. 349, 138-154 (2014).

41. Sun, X. et al. Intravenous Transplantation of an Ischemic-specific
Peptide-TPP-mitochondrial Compound Alleviates Myocardial
Ischemic Reperfusion Injury. ACS Nano 17, 896-909 (2023).

42. Guan, Y. et al. Rescuing Cardiac Cells and Improving Cardiac
Function by Targeted Delivery of Oxygen-Releasing Nanoparticles
after or Even before Acute Myocardial Infarction. ACS Nano 16,
19551-19566 (2022).

43. Alogna, A. et al. Lung-to-Heart Nano-in-Micro Peptide Promotes
Cardiac Recovery in a Pig Model of Chronic Heart Failure. J. Am.
Coll. Cardiol. 83, 47-59 (2024).

44. Kee, K. & Naughton, M. T. Heart failure and the lung. Circ. J. 74,
2507-2516 (2010).

45. Shang, L. et al. Isolevuglandin scavenger attenuates pressure
overload-induced cardiac oxidative stress, cardiac hypertrophy, heart
failure and lung remodeling. Free Radic. Biol. Med 141, 291-298 (2019).

46. Li, Q. et al. PKM1 Exerts Critical Roles in Cardiac Remodeling Under
Pressure Overload in the Heart. Circulation 144, 712-727 (2021).

47. Liu, A. et al. ESCRT-Ill Component CHMPA4C Attenuates Cardiac
Hypertrophy by Targeting the Endo-Lysosomal Degradation of
EGFR. Hypertension 80, 2674-2686 (2023).

48. Ackers-Johnson, M. et al. A Simplified, Langendorff-Free Method for
Concomitant Isolation of Viable Cardiac Myocytes and Nonmyocytes
From the Adult Mouse Heart. Circ. Res 119, 909-920 (2016).

49. Bi, Y. G. et al. FUNDCI1 protects against doxorubicin-induced car-
diomyocyte PANoptosis through stabilizing mtDNA via interaction
with TUFM. Cell Death Dis. 13, 1020 (2022).

Acknowledgements

This study was supported by the National Science Foundation of China
(Grant No. 82001836, 82071933 and 82227803 to X.S., and 82030050,
12394534 to Y.Z.), the National Key Research and Development Program
of China (2022YFC3400100 to Y.Z.), the Science and Technology
Committee Foundation of Shanghai (grant No. 20JC1418400 and No.
20Y11912000 to Y.Z.), and the Excellent youth cultivation program of
Shanghai Sixth People’s Hospital (ynyg2022083 to J.W.). We thank Dr Yu
Zhang for designing Fig. 1.

Author contributions

H.W., JW., Y.Z, and X.S. conceived and designed the study. JW., Y.Z.,
and X.S. supervised the project and commented on the project. H.W.
and J.W. synthesized and characterized the materials. H.W., W.Z., and
F.T. conducted in vitro and in vivo experiments. H.X., A.L., W.L., Y.L., N.Z.,
and X.C. contributed to the discussion. H.W., W.Z., F.T., and J.W. ana-
lyzed the data. H.W. and J.W. wrote the paper. All authors discussed the
experimental procedures and results.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-50312-1.

Correspondence and requests for materials should be addressed to
Jianrong Wu, Yuanyi Zheng or Xianhong Shu.

Peer review information Nature Communications thanks the anon-
ymous, reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:6058

18


https://doi.org/10.1038/s41467-024-50312-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Inhalable cardiac targeting peptide modified nanomedicine prevents pressure overload heart failure in male mice
	Results
	Fabrication and characterization of the TP-10@CaP-CTP nanoparticles
	In vivo accumulation of TP-10@CaP-CTP in the heart after nebulized inhalation
	In vitro efficacy of TP-10@CaP-CTP in attenuating adult mouse CM (AMCM) pathological hypertrophy
	In vitro efficacy of TP-10@CaP-CTP in CFs
	Efficacy of inhaled TP-10@CaP-CTP in a pressure overload-induced mouse model of heart failure
	Effects of inhaled TP-10@CaP-CTP on cardiac function
	Biosafety evaluation of inhaled TP-10@CaP-CTP nanoparticles

	Discussion
	Methods
	Materials and reagents
	Preparation and characterization of TP-10@CaP-CTP nanoparticles
	Cell culture
	Experimental animals
	TAC mouse model
	Targeting ability of the nanoparticles in vivo
	Mouse inhalation treatment
	In vitro TP-10 release from TP-10@CaP and TP-10@CaP-CTP
	In vivo biodistribution of TP-10@CaP-CTP
	Adult mouse CMs (AMCMs) isolation
	Adult mouse CFs isolation
	Neonatal rat ventricular myocytes (NRVMs) isolation
	Measurement of intracellular cAMP and cGMP levels
	Boyden chamber migration assay
	Wound healing scratch assay
	CCK-8 assay
	Shortening/relengthening assay of ADCMs
	Echocardiography
	Lung wet/dry (W/D) ratio
	Bronchoalveolar lavage fluid (BALF) analysis
	RNA extraction and quantitative RT‒PCR
	ELISA
	Immunofluorescence staining
	Western blot analysis
	Statistical analysis and software
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




