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Abstract Pulmonary hypertension (PH) is an insidious pulmonary vasculopathy with high mortality

and morbidity and its underlying pathogenesis is still poorly delineated. The hyperproliferation and

apoptosis resistance of pulmonary artery smooth muscle cells (PASMCs) contributes to pulmonary

vascular remodeling in pulmonary hypertension, which is closely linked to the downregulation of fork-

head box transcriptional factor O1 (FoxO1) and apoptotic protein caspase 3 (Cas-3). Here, PA-targeted

co-delivery of a FoxO1 stimulus (paclitaxel, PTX) and Cas-3 was exploited to alleviate

monocrotaline-induced pulmonary hypertension. The co-delivery system is prepared by loading the active

protein on paclitaxel-crystal nanoparticles, followed by a glucuronic acid coating to target the glucose

transporter-1 on the PASMCs. The co-loaded system (170 nm) circulates in the blood over time, accumu-

lates in the lung, effectively targets the PAs, and profoundly regresses the remodeling of pulmonary
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arteries and improves hemodynamics, leading to a decrease in pulmonary arterial pressure and Fulton’s

index. Our mechanistic studies suggest that the targeted co-delivery system alleviates experimental

pulmonary hypertension primarily via the regression of PASMC proliferation by inhibiting cell cycle pro-

gression and promoting apoptosis. Taken together, this targeted co-delivery approach offers a promising

avenue to target PAs and cure the intractable vasculopathy in pulmonary hypertension.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

PH is a group of devastating disorders characterized by progres-
sive remodeling of pulmonary vessels and increased pulmonary
vascular resistance, which leads to right heart failure and even
premature death despite vigorously applied conventional in-
terventions1. PH is categorized into five groups by the World
Health Organization, including PH associated with abnormalities
in the small branches of the pulmonary artery (group 1), PH
induced by left heart disease (group 2), PH caused by lung dis-
eases and/or hypoxia (group 3), PH associated with pulmonary
embolus or pulmonary thrombosis (group 4), and PH due to un-
clear and/or multifactorial mechanisms (group 5)2. For managing
PH, a comprehensive treatment strategy and multidisciplinary care
are recommended by the 2022 ESC/ERS Guidelines, and of them,
drug therapy is essential3. Current approved-drug treatments pre-
dominantly include prostacyclin analogs and receptor agonists,
phosphodiesterase-5 (PDE-5) inhibitors, endothelin-receptor an-
tagonists and calcium-sensitizing compounds4. Although signifi-
cant advances have been made in the pharmaceutic treatment of
PH5, its mortality remains very high with a 5-year survival rate of
20%e60%6. Pulmonary artery (PA) remodeling is predominantly
induced by the over-proliferation of PASMCs and endothelial
dysfunction plays a vital role in the progression of PH7. To this
end, inhibition of PASMC proliferation represents a promising
strategy to treat PH.

Among many mediators, two essential proteins, FoxO1 and
Cas-3, are involved in the PASMC hyperproliferation and patho-
logical progression of PH. FoxO1 is a crucial member of the
winged-helix family of transcription factors and contains a highly
conserved DNA-binding domain of approximately 110 amino
acids8,9. FoxO1 is robust in regulating metabolism, cell cycle
progression, apoptosis, autophagy, oxidative stress resistance, and
DNA damage repair10,11. E.g., FoxO1 downregulation contributes
to hyperproliferation and apoptosis resistance of PASMCs in
PH12. In addition, our previous studies suggested that Cas-3, a
critical apoptosis executor, was also downregulated in PASMCs,
which leads to their hyperproliferation13. This evidence indicates
that the downregulated FoxO1 and Cas-3 exacerbate the PASMC
proliferation and the PA remodeling. As a result, co-delivery of
FoxO1 stimulus and Cas-3 to PASMCs that can restore their
regular proliferative activity has encouraging potential to alleviate
PH.

Nanoparticles are extensively used to improve drug delivery
because of their small size, which allows the drug to penetrate
small capillaries and results in efficient accumulation at the target
sites14e16. The therapeutic potential of nanoparticles has been
proven by the clinical approval of over 85 nanomedicine products
for a wide range of therapeutic purposes16. Several traditional
nanoparticles, such as liposomes17e19, polymer nanoparticles
(micelles)20, solid lipid nanoparticles21, and silica nanoparticles22,
were developed to deliver the active compounds, i.e., prostacyclin
analogue iloprost23, PDE-5 inhibitor sildenafil24, anti-
inflammatory pitavastatin25 and nucleic acid drugs26, for
relieving PH, demonstrating improved efficacy against the disease.
Drug nanocrystals, as an essential type of clinically-relevant
nanoparticle, are carrier-free solid drug particles within the
nanometer size range and have crystalline characteristics14. Due to
its high drug-loading capability (as high as 100%), nanocrystal
technology is attracting increasing attention in drug delivery14,27.
Furthermore, drug nanocrystals favor lung accumulation because
of their nonspherical shape28. In this study, by using PTX-nano-
crystal particles (NPs) as carriers, a targeted co-delivery system of
PTX and Cas-3 was developed, in which the active protein was
loaded onto the metalephenolic network (MPN)-coated PTX NPs
via the non-covalent interactions such as hydrogen bonding and
pep stacking29, followed by a coating of glucuronic acid (GlcA)
for targeting the glucose transporter-1 (GLUT-1) on the PASMCs
(Fig. 1A). PTX is a frequently used chemotherapeutic agent33;
however, recent evidence indicated that PTX could upregulate
FoxO1 and regress the proliferation of PASMCs12. MPN can
stabilize the drug nanocrystals against aggregation with little
toxicity30,31. Moreover, MPN is effective in associating with
biopharmaceutical drugs via non-covalent bond rather than elec-
trostatic interaction and allows for improving drug delivery with
safety32. Our data in this present work demonstrated that the tar-
geted co-delivery was able to regress the PA remodeling and
improve the cardiac function and hemodynamics in an experi-
mental PH model, which is mediated by efficiently targeting
PASMCs and inhibiting their proliferation. This work provided a
novel PA-targeted approach and offered a new avenue for PH
treatment.

2. Materials and methods

2.1. Preparation and characterization of the co-delivery system

MPN-PTX NPs were prepared via an anti-solvent
precipitationeultrasonic method using MPN as a stabilizer30.
Briefly, 10 mg of PTX dissolved in 250 mL of ethanol was mixed
with 9 mL of distilled water, followed by probe ultrasonication
(20e25 kHz, Ningbo Scientz Biotechnology Co. Ltd. Ningbo,
China) in an ice bath at 250 W for 10 min and adding 0.5 mL of
tannic acid (TA) solution (2 mg/mL) and 0.25 mL of FeCl3$6H2O
solution (Fe3þ 0.25 mg/mL) in sequence. The MPN-PTX NPs
were purified by centrifugation and redispersion cycles three times
to remove the free TA and FeIII using an ultrafiltration tube. MPN-
PTX NP/Cas-3 complex (NPplex) was prepared by mixing 500 mL

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Characterization of GlcA-NPplex. (A) Schematic illustration of the preparation process of GlcA-NPplex. (B) Native PAGE study of

Cas-3 loaded in NPplex. (C) Influence of mass ratio of TA/Cas-3 on the particle size of NPplex (n Z 3). (D) Particle size distribution of GlcA-

NPlex measured by DLS. (E) TEM image of GlcA-NPlex. The scale bar is 200 nm. (F) Stability of GlcA-NPplex from optimized formulation

stored in a 50% serum at 37 �C for 12 h (n Z 3). In vitro release profile of (G) PTX and (H) Cas-3 from GlcA-NPplex in buffer solution at

different pH conditions at 37 �C for 24 h (n Z 3). The results are given as the mean � SD.
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of Cas-3 solution (0.1 mg/mL) with an equal volume of MPN-
PTX NPs (PTX 1 mg/mL) through low-speed vortexing and
incubation for 30 min at room temperature. GlcA-NPplex was
prepared by incubating 5 mL of GlcA solutions (15 mg/mL) with
the suspension of NPplex at the various mass ratio of TA/GlcA.
Dye-labeled nanoparticles were fabricated using a similar pro-
cedure. Dye-labeled nanoparticles were prepared by dissolving the
dye with PTX in ethanol as the organic phase before mixing with
the stabilizer solution.

The particle size, polydispersion index (PDI) and zeta-
potential were determined using a 90 Plus particle size
analyzer (Brookhaven Instruments, Holtsville, NY, USA) at
25 �C according to the dynamic light scattering (DLS) princi-
ple33. The nanoparticle-shape determination was performed in
transmission electron microscopy (TEM, JEOL, JEM-1230
TEM, Tokyo, Japan) after staining with 2% (w/w) phospho-
tungstic acid for 1 min. Agarose gel electrophoresis was carried
out in a Bio-Rad high-sensitivity chemiluminescence imaging
system (Bio-Rad, Chemidoc XRSþ, Hercules, CA, USA) to
verify the loading of the active protein onto the nanoparticles.
For the drug-release test, the sample was transferred into a
3.5 kDa dialysis bag, incubated in release media at different pHs
and placed in an incubator (Jintan, SHA-C, Jintan, China) with a
shaking speed of 100 rpm at 37 �C. Samples were withdrawn at
specific time intervals. For PTX release, the collected sample
was filtrated through a 0.22-mm filter and analyzed by a high-
performance liquid chromatography system (HPLC, SHIMAZU
LC-10AT, Kyoto, Japan) at 227 nm. The isolation was conducted
in a Diamonsil C18 column (4.8 mm � 200 mm, 5 mm; Dikma
Technologies, Beijing, China), using methanol/water (80/20, v/v)
as a mobile phase at 1 mL/min. The release of FITC-protein was
studied by testing the FITC intensity using a fluorescence
spectrometer (SHIMADZU RF-5301PC, Kyoto, Japan).

Circular dichroism (CD) spectra were recorded using a circular
dichroism chromatograph (Japan Spectrophotometer Co., Ltd.,
J-810, Tokyo, Japan) equipped with a temperature-controlling unit
and a quartz cuvette. Ellipticity was expressed in millidegrees.
The measurement parameters included as follows: bandwidth,
1 nm; response, 1 s; wavelength range, 260e200 nm; scanning
speed, 100 nm/min; cell length, 0.1 cm; temperature, 25 �C;
protein concentration, 0.1 mg/mL. The UVeVis and Fourier-
transformed infrared (FTIR) spectra were recorded in the Infrared
chromatograph (Bruker, Tensor 27, Billerica, MA, USA) and
UVeVis spectrophotometer (SHIMAZU, UV-2450, Kyoto,
Japan).

2.2. Cell culture

Primary PASMCs were isolated from pulmonary artery of mon-
ocrotaline (MCT)-induced PH rats, as described in a previous
report13. PASMCs were cultured in RPMI 1640 medium con-
taining 10% FBS and 1% penicillinestreptomycin and maintained
at 37 �C in 5% CO2.

2.3. Flow cytometry and confocal laser scanning microscope
(CLSM)

The cellular study was performed by flow cytometry (FCM, BD
FACSCalibur, San Jose, CA, USA). For the uptake study,
PASMCs were cultured in a 12-well plate at a density of
2 � 105 cells/mL and incubated for another 36 h. The culture
medium was discarded and PASMCs were incubated with the
preparations at 5 mg/mL FITC at 37 �C for 4 h. The cells were
washed with PBS and trypsin and observed using CLSM, and the
fluorescence intensity was measured by flow cytometry. For the
study of the internalization pathway, cells were pre-incubated with
uptake inhibitors, nystatin (10 mmol/L), methyl-b-cyclodextrin
(M-b-CD, 2.5 mmol/L) or chlorpromazine (CPZ, 10 mg/mL), at
37 �C for 0.5 h, analyzed by CLSM and FCM. For the GLUT-1
influence study on the uptake, cells were pre-treated with the
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specific GLUT-1-inhibitor (BAY-876) at 2 nmol/L for 0.5 h before
4-h incubation with FITC-labeled nanoparticles at 5 mg/mL FITC,
followed by CLSM observation and flow cytometry analysis. For
the co-localization study, cells were cultured with FITC-labeled
nanoparticles at 5 mg/mL dye for 4 h at 37 �C, stained with the
caveolae marker, Alexa Fluor 488 labeled Caveolae (Cave)-1, for
3 h, washed with PBS and imaged by CLSM. The co-localization
of nanoparticles with lysosomes was observed using CLSM.
PASMCs were cultured with FITC-labeled nanoparticles with
5 mg/mL FITC in a serum-free culture medium for 4 h at 37 �C,
stained with 1 mL of LysoTracker Red for 1 h at 37 �C, and
washed three times with PBS.

2.4. Cytotoxicity and apoptosis

Cytotoxicity was investigated by the MTT assay. In brief, cells
cultured in a 96-well plate at a density of 3 � 104 cells/mL for 36 h
were incubated with various preparations at various drug concen-
trations for 48 h at 37 �C. Cytotoxicity was assessed by MTT assay
at the absorbance of 570 nm. For determination of apoptosis, cells
were cultured in a 12-well plate at a density of 2 � 105 cells/mL for
24 h and then were incubated with formulations at fixed drug
concentration for 24 h. After that, the percentage of apoptotic cells
was quantified by Annexin V-FITC/PI apoptosis kit (Beyotime
Institute of Biotechnology, Haimen, China) and flow cytometry (BD
FACSCalibur, San Jose, CA, USA).

2.5. Animal studies

All animal protocols were approved by the Ethics Committee of
Nanjing Drum Tower Hospital for Institutional Animal Care and
Use (protocol number 2019AE02017) and were in accordance
with the Guide for the Care and Use of Laboratory Animals.
Adult (6e8 weeks old) male SpragueeDawley rats were pur-
chased from Nanjing Medical University. All rats were housed
under specific pathogen-free and controlled temperature condi-
tions with a 12-h lightedark cycle at 20e22 �C. On Day 1, rats
were injected subcutaneously with 60 mg/kg MCT (Sigma-
eAldrich, c2401, St. Louis, Missouri, USA). MCT-injected rats
randomly received the preparation or vehicle on Days 21, 25 and
29, respectively.

2.6. Pharmacokinetic studies

The preparations, free DiR and DiR-GlcA-NPplex, were injected
into MCT-PH rats via the tail vein at the DiR dose of 0.5 mg/kg
according to the body weight. Blood was taken from the orbit at
0.5, 1, 2, 4, 6, 8, 10, and 24 h after the administration. Plasma
was collected by centrifugation at 4500 rpm (TDZ5-WS,
Centrifuge Xiangyi, Changsha, China) for 10 min. The con-
centration of DiR was determined by the multifunctional
microplate reader (BMG LABTECH, POLARstar Omega,
Ortenberg, Germany). The pharmacokinetic parameters were
calculated by the software DAS 2.0 (Data Analysis System 2.0,
Shanghai, China).

2.7. In vivo imaging and tissue distribution

Free DiR or DiR-GlcA-NPplex was injected into MCT-PH rats via
the tail vein. The rats were sacrificed 24 h after the administration
by neck dissection. Then the major tissues, including the heart,
liver, spleen, lung, and kidney, were dissected for ex vivo imaging
(KODAK, In-Vivo FX PRO, Carestream, Canada). The excitation
and emission wavelengths of the DiR channel are 748 and 780 nm,
respectively.

For the biodistribution study, the MCT-PH rats (3 rats/group)
were intravenously injected with DiR-labeled GlcA-NPplex via
the tail vein at a DiR dose of 0.5 mg/kg, according to the rats’
body weight. The co-localization of the GlcA-NPplex with PA
a-SMA (a-smooth muscle actin) in the models was studied
using Leica Corp. IX 7 fluorescence microscopy (Leica
Microsystems Inc. IX7, Wetzlar, Germany). The rats received
intravenous administration of the free IR783-labeled prepara-
tions at 0.5 mg/kg IR783. Four hours after the treatment, the
rats’ lungs were isolated and embedded with OCT for further
fluorescent imaging. Briefly, the lung sections were cut into
2 mm and then blocked for 15 min with 5% FBS at room tem-
perature. After the excess-serum removal, the sections were
stained for 12 h with a mouse anti-rat a-SMA monoclonal
antibody at 5 mg/mL and incubated with FITC (diluted 1:200
with FITC buffer) for 1 h.

2.8. Echocardiography measurements

Echocardiography was performed by an experienced operator
using an ultrasound diagnostic system (VINNO corporation,
VINNO6 system, Suzhou, China) equipped with an 18 MHz
transducer (VINNO corporation, X6-16 L, Suzhou, China).
Images were obtained from parasternal views. In brief, rats were
placed in a supine position after being anesthetized by inhalation
of a mixture gas of 2.5% isoflurane in oxygen (2 L/min). Left
ventricular ejection fraction (LVEF) was measured in motion
mode at the parasternal long axis view. Pulmonary artery accel-
eration time (PAAT), as a surrogate of pulmonary arterial pressure,
was tested by Pulsed-wave Doppler imaging at the parasternal
short axis view. Right ventricle internal diameter (RVID) and
tricuspid annular plane systolic excursion (TAPSE) were
measured at the apical four-chamber view. Cardiac output (CO)
depended on heart rate (HR) and stroke volume (SV), which was
calculated by the following Eq. (1):

CO (L/min) Z HR (bpm) � SV (mL) � 10�3 (1)
2.9. Hemodynamic and RV hypertrophy measurements

On Day 35, rats were anesthetized, orotracheally intubated and
ventilated with a frequency of 60 breaths per min to measure
hemodynamics. Briefly, after being fixed on the platform, the left
chest cavity of each rat was open for right ventricle (RV) expo-
sure, and then the intravenous catheter (BD Insyte, Becton,
Dickinson and Company, 24 GA, New Jersey, USA) flushed by
heparin was inserted into the RV outflow tract. Mean pulmonary
arterial pressure (mPAP) was determined after the catheter was
connected to a pressure transducer of a monitor (Philips, Intelli
Vue MP2, Amsterdam, The Netherlands), and the pulmonary
arterial pressure waveform was stable for 1e2 min. After perfused
with saline through the pulmonary circulation, the lungs and heart
were explanted from the rats. The left lung was fixed in 10%
neutral formalin for histology. The right lung was frozen in liquid
nitrogen and stored at �80 �C. For the test of RV hypertrophy, the
Fulton index [RV/(LV þ S)] was calculated after the RV and left
ventricle plus septum (LV þ S) were isolated.
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2.10. Histology

After being fixed in the neutral formalin for 24 h, the lung and other
vital organs, including the liver, spleen, heart, and kidney, were
dehydrated, embedded in paraffin, and cut into 3-mm sections for
hematoxylin-eosin (H&E) staining. For immunohistochemistry,
paraffin slides were baked at 60 �C for 2 h, then deparaffinized, hy-
drated, and subjected to antigen retrieval. Slides were incubated with
primary antibodies at 4 �C, including anti-a-smooth muscle actin (a-
SMA) (1:400, Abcam, Cambridge, England), anti-FoxO1 (1:800,
CST, Boston, MA, USA), and anti-Ki67 (1:450, Abcam, Cambridge,
England), anti-cleaved Caspase-3 (1:450, Abcam, Cambridge, En-
gland), anti-CyclinD1 (1:400, Abcam, Cambridge, England). After
overnight incubation, the slides were washed and incubated with the
respective secondary antibodies at 37 �C for 40 min. The media wall
thickness of small pulmonary arteries (20e150 mm, medial wall
thickness%) was measured, and the percentage of partially or fully
muscularized distal pulmonary vessels (muscularized wall%) was
calculated. The staining intensity ofa-SMA/per arterywasmeasured
to evaluate the PASMC proliferation. The percentage of perivascular
Ki67, cleavedCas-3, andCyclinD1positive cellswas calculated. The
FoxO1 expression in the lungs was also quantified by Image-Pro Plus
6.0 software (MEDIA CYBERNETICS, MD, USA). At least 10
images were randomly captured using a microscope (Olympus,
DP27, Hachioji, Japan). All analyses were performed by another
person who is blind to the experiment protocol. For the PASMC-
apoptosis determination, the TUNEL assay was conducted with a
Fluorescein (FITC) TUNELCell Apoptosis Detection Kit (KeyGEN
BioTECH, KGA7063, Nanjing, China) according to the manufac-
turer’s instructions. The cells with red fluorescence were calculated
as apoptotic cells. The number of TUNEL-positive cells for each
section of PAs was counted in at least 6 random fields ( � 400) in a
blindedmanner. The apoptosis ratewas determined by the percentage
of TUNEL-positive cells on the PASMCs.

2.11. Immunofluorescence

On Day 21 after the rats received a cervical subcutaneous injection
of 60 mg/kg MCT to establish PH model, the rats received three
intravenous injections of diverse formulations via the tail vein at
the predetermined time points in 2 weeks at 0.4 mg/kg PTX and
0.04 mg/kg Cas-3 based on the body weight. The rats were
euthanized with cervical dissection on Day 35, and the lungs were
extracted and stored in a �80 �C freezer for further fluorescent
imaging and Western blotting analysis.

Double immunofluorescence staining was performed with
primary antibodies, a-SMA (1:300, Sigma) and FoxO1 (1:100,
Abcam). After overnight incubation, the slides were washed 3
times with PBS (pH 7.4) and incubated with the respective
secondary antibodies at room temperature in the dark for 50 min.
Tissue sections were counterstained with nuclear DAPI (Service-
bio, Wuhan, China) and quenched by AutoFluo Quencher (Serv-
icebio, Wuhan, China). After dried slightly, the slides were
mounted with an anti-fluorescence quenching mounting medium
and observed under a fluorescence microscope (NIKON, Nikon
Eclipse C1, Tokyo, Japan). The immunofluorescence micrographs
were quantified using Image J software.

2.12. Western blotting (WB)

For WB assay, primary antibodies including anti-FoxO1 (1:5000,
Abcam), anti-phospho-FoxO1 (pFoxO1) at Ser 256 (1:1000,
CST), and anti-b-actin (1:10,000, Proteintech, Rosemont, IL,
USA) were used. For the Western blot assay, PASMCs were lysed
in cold lysis buffer followed by centrifugation at 15,000 rpm
(TGL-16 B, Anting Scientific Instrument Factory, Shanghai,
China) for 5 min, and the supernatants were collected and deter-
mined by a BCA kit (Beyotime Institute of Biotechnology Co.
Ltd.). Proteins were separated by SDS-PAGE and then transferred
to polyvinylidene fluoride (PVDF) membranes. For in vivo
apoptosis mechanism determination, proteins were similarly
extracted from the isolated tissues and transferred to PVDF
membranes. After blocking, the membranes were incubated with
primary and horseradish peroxidase (HRP) secondary antibodies.
The band images were exposed to ECL detection system G:Box
ChemiXR5 (Syngene, Cambridge, UK), and the expressions of
proteins were quantified by ImageJ software (NIH, Bethesda, MD,
USA).

2.13. Statistical analysis

Data are presented as the mean � SD. All statistical analyses were
performed using Prism (Graphpad version 8.0). The Student’s t-
test was used for comparisons between two groups, and ANOVA
was used for multiple comparisons with P values < 0.05
considered significant.

3. Results

3.1. Preparation and characterization of the targeted co-
delivery system

Three steps were involved in preparing the co-delivery system.
First, the MPN-coated PTX pure nanocrystals, termed MPN-PTX
NPs, were prepared by the anti-solvent precipitationeultrasonic
method.30,31. Increasing the PTX loading from 1 to 10 mg in a 10-
mL MPN solution did not affect the particle size (Supporting
Information Fig. S1A). The formulation containing 10 mg of PTX
was selected for further study due to its high drug payload. DLS
data revealed that the MPN-PTX NPs have a diameter of
approximately 156 nm (Fig. S1B). Next, the MPN-PTX NP/Cas-3
complex (NPplex) was prepared by loading the active protein,
Cas-3, onto the MPN-PTX NPs via non-covalent interactions29.
The native PAGE results depicted that the bands of the Cas-3
protein were not visible when the mass ratio of TA (MPN)/Cas-
3 was �4, suggesting the protein was efficiently loaded onto the
nanoparticles (Fig. 1B and C). The interactions between MPN-
PTX NPs and Cas-3 were confirmed by UVeVis and FTIR
spectra (Supporting Information Fig. S2). Herein, the NPplex with
a TA/Cas-3 mass ratio of 20:1 was selected for further studies due
to its improved stability against aggregation in serum (Supporting
Information Fig. S3).

Finally, GlcA was coated onto NPplex, which could target the
GLUT-1 on PASMCs59. Increasing the Cas-3/GlcA mass ratio
from 0 to 1.5 led to a minimal change in nanoparticle size but an
increase in zeta potential (Supporting Information Figs. S4A and
S4B). The targeted co-delivery system (GlcA-NPplex) with the
20:1:1.5 mass ratio of TA/Cas-3/GlcA and a 171-nm diameter
(Fig. 1D) was selected for further study due to the high GlcA
loading. The GlcA-NPplex had loadings of 27.8% PTX and 2%
Cas-3 and encapsulation efficacy of 91% and 68%, respectively.
TEM study showed that the lead nanoparticles exhibited a rod-like
shape with a 150e200 nm diameter in length (Fig. 1E). As shown
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in Fig. 1F, after incubation in 50% serum for 12 h, the average
particle size and size distribution of GlcA-NPplex were minimally
altered, suggesting the lead nanoparticles might possess good
stability in physiological environments such as in the serum
(Fig. 1F). The release profile of PTX and Cas-3 from GlcA-
NPplex was pH-dependent and demonstrated faster release at
pHs of 5.5 and 6.8 than pH 7.4. The faster drug release at lower
pH from GlcA-NPplex is due to the cationic ion substitution by
proton as the complexation between the TA catechol-group and
metal ions can be reversed30,31. It is worth noting that less than 1%
Cas-3 was released at pH 7.4 at 24 h and indicated the protein was
well loaded in the nanoparticles. Moreover, the CD spectra of
released Cas-3 were similar to the free protein, indicating little
alteration in structure and activity (Supporting Information
Fig. S5).

3.2. In vitro characterization of the targeting capability of
GlcA-NPplex to PASMCs and the resultant apoptosis

We characterized the targeting ability of GlcA-NPplex to
PASMCs and the resultant anti-proliferation effects in a 2D cell
culture. As shown in Supporting Information Fig. S6, the cellular
uptake of GlcA-NPplex is time-dependent in a 4-h period.
Essentially, blocking the GLUT-1 receptor with the specific
GLUT-1-inhibitor BAY-876 reduced the GlcA-NPplex uptake by
approximately 75% compared with non-blocking (Fig. 2A and B,
P < 0.01). The data revealed that GlcA-NPplex well-targeted
PASMCs. Next, we investigated the uptake pathway of GlcA-
NPplex into PASMCs. As depicted in Supporting Information
Fig. S7, the pre-incubation with the typical clathrin-mediated
pathway blocker chlorpromazine (CPZ) did not affect the uptake
of FITC-labeled GlcA-NPplex. In contrast, the uptake declined
significantly when the caveolar route was suppressed by the
caveolae inhibitors, nystatin or M-b-CD (P < 0.01). Also,
confocal imaging displayed co-localization of the red FITC-GlcA-
NPplex with the green caveolae marker Alexa Fluor 488-labeled
Cave-1 in the merged image (Supporting Information Fig. S8A).
These results suggested that GlcA-NPplex uptake by PASMCs
was mainly mediated by the caveolin pathway. Increasing evi-
dence indicates that the caveolae-mediated internalization process
authorizes cells to ingest materials without endo-lysosome
detainment16,34,35. Indeed, confocal imaging demonstrated little
co-localization between the red nanoparticles and LysoTracker
Red during uptake (Fig. S8B). As a result, our data suggest that
GlcA-NPplex could target PASMCs and most likely was inter-
nalized primarily by a non-endo-lysosomal route, promising to
improve the delivery of protein drugs to the cell cytosol.

Next, the PASMC apoptosis induced by various formulations
was investigated using an Annexin V FITC-PI assay (Fig. 2C).
The apoptosis rates from the groups treated with GlcA-NPs, PTX/
Cas-3 physical mixture, and GlcA-NPplex were about 36%, 35%,
and 70%, respectively. Evidently, GlcA-NPplex demonstrated a
significantly higher capacity to induce PASMC apoptosis as
compared to the physical mixture formulation (P < 0.01). How-
ever, GlcA-NPplex had little toxicity to normal cells at fixed PTX
concentrations and suggested its potential safety after injection
(Supporting Information Fig. S9). These results indicated that the
targeted co-delivery of PTX and Cas-3 using GlcA-NPplex could
effectively inhibit the proliferation of PASMCs.

Downregulation of FoxO1 and Cas-3 results in hyper-
proliferation and apoptosis resistance of PASMCs in PH36,37.
Here, we studied the protein expression by WB assay after
incubation. As the effectors of the apoptotic caspases, Cas-3
presents as dimeric zymogens and is activated after the proteo-
lytic cleavage of the inter-subunit linker38,39. As a result, cleaved
Cas-3 rather than Cas-3 was measured in the study. GlcA-NPplex
treatment enabled 1.5- and 2-fold increase of FoxO1 and Cas-3
compared with the PTX/Cas-3 physical mixture (P < 0.05,
P < 0.001), comparable to the normal PASMC-level (Supporting
Information Fig. S10A, S10B and S10D). The data demonstrated
that GlcA-NPplex is able to deliver the FoxO1 effector (PTX) and
apoptosis activator (Cas-3) to PASMCs with high efficacy.
Furthermore, the other two apoptosis-resistance proteins, phos-
phorylated FoxO1 and Cyclin D140e42, were downregulated by
GlcA-NPplex (Fig. S10A, S10C and S10E). These data revealed
that GlcA-NPplex could upregulate FoxO1 and Cas-3 while
decreasing the expression of phosphorylated FoxO1 and Cyclin
D1, responsible for PASMC-apoptosis enhancement.

3.3. Prolonged blood circulation and lung- and PA-targeting

The blood circulation time of the delivery system plays an
essential role in targeting diseased PAs. The pharmacokinetic
study of DiR-labeled nanoparticles was performed in MCT-PH
rats. As shown in Supporting Information Fig. S11, GlcA-NPplex
exhibited a higher plasma level in a 24-h period after intravenous
injection compared to the free DiR. The pharmacokinetic
parameters verified that GlcA-NPplex exhibited enhanced per-
formance in vivo compared to free DiR, as demonstrated by the
prolonged blood half-life and MRT (mean residence time),
increased bioavailability (AUC, area under the time-
econcentration) and reduced clearance rate (CL) (Supporting
Information Table S1).

Next, the distribution of free DiR and DiR-GlcA-NPplex in
different organs of MCT-PH rats was studied by ex vivo imaging at
24 h after tail vein injection. Both formulations mainly accumu-
lated in the liver, spleen and lung (Fig. 3A and B). However, the
lung accumulation of DiR-GlcA-NPplex was markedly higher
than free DiR (Fig. 3B, P < 0.01). Additionally, we studied the
targetability of IR783-GlcA-NPplex to the PAs by merging the
IR783-labeled nanoparticles (red) with the PA marker a-SMA
(green) using confocal imaging after dosing. As shown in Fig. 3C
and D, the IR783-GlcA-NPplex administration enabled signifi-
cantly stronger overlapped yellow fluorescence than IR783-
dosing, displaying a 1.9-fold increase in fluorescence intensity.
a-SMA locating in the tunica media of lung vasculature is a
marker that indicates PA hyperproliferating43. Therefore, GlcA-
NPplex effectively targeted the PA tunica media. Taken together,
the results revealed that GlcA-NPplex had prolonged blood
circulation time and could efficiently target both the lung and the
tunica media of lung vasculature.

3.4. Therapeutic efficacy

Due to the enhanced in vivo pharmacokinetics and lung- and PA-
targeting capability, GlcA-NPplex was expected to ameliorate
experimental PH. In this study, we evaluated the treatment effi-
cacy of the co-delivery approach against PH in MCT-PH rats via
multiple parameters, including pulmonary arterypressure (PAP),
RV hypertrophy, hemodynamics, PA remodeling, and PASMC
proliferation and apoptosis (Supporting Information Fig. S12).

We first measured the efficacy of the co-delivery approach in
reducing mean PAP (mPAP) and inhibiting RV hypertrophy. The
mPAPandRVhypertrophy index [Fulton’s index:RV/(LVþS)]were



Figure 2 PASMC-targeting and improved apoptosis. (A and B) Influence of GLUT-1 inhibitor on GlcA-NPplex uptake, (A) qualitative and (B)

quantitative analysis of cellular uptake. PASMCs were pre-treated with the GLUT-1 inhibitor BAX-876 at a 2 nmol/L concentration for 0.5 h at

37 �C and then were incubated with the FITC-labeled nanoparticles at 5 mg/mL FITC at 37 �C for 3 h. The cells without BAX-876 pretreatment

were used as a control. n Z 3, **P < 0.01. The scale bar is 20 mm. (C) Quantified apoptosis following preparation treatment. FCM analysis of

PASMC apoptosis was performed after 24-h incubation with 0.25 mg/mL PTX or 0.025 mg/mL Cas-3. Data are represented as mean � SD. nZ 3,

**P < 0.01, ***P < 0.001 compared to saline group; ###P < 0.001 compared to GlcA-NPplex group.
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significantly elevated on Day 35 in the rats treated with MCT
compared with the control rats without MCTadministration (Fig. 4A
and B), demonstrating that the experimental PH model was suc-
cessfully developed. The three intermittent injections of formulations
including PTX (0.4 mg/kg), caspases 3 (0.04 mg/kg), the combina-
tion, or GlcA-NPs every 4 days yielded amodest effect on decreasing
mPAP (Fig. 4B) and little influence on RV hypertrophy (Fig. 4C).
However, the injection of GlcA-NPplex caused an 18.4% decrease in
mPAP (P< 0.05) and a 21.0% decrease in Fulton’s index (P< 0.05)
compared with the control MCT-PH rats on Day 35.

We next studied the efficacy of the co-delivery approach in
improving hemodynamics. Given the impact of increased pul-
monary hypertension on the RV function, the transthoracic
echocardiographic examination was performed in MCT-PH rats on
Day 35 after receiving two formulations, GlcA-NPplex and GlcA-
NPs. Representative echocardiographic images depict that the
two-formulation treatment resulted in an increase of both PAAT
and TAPSE and a RVID as compared to the control MCT-PH rats
(Fig. 4D), wherein GlcA-NPplex led to improved changes in the
three tested parameters. Furthermore, the quantitative analysis
indicated that the GlcA-NPplex administration prolonged the
PAAT duration from 19.7 � 4.44 to 28.9 � 5.44 ms (Fig. 4E,
P < 0.05), reduced the PVR by 31% (Fig. 4F, P < 0.05), and
effectively reversed the right ventricle dysfunction by allowing
21.9% and 51.4% increase in CO and TAPSE (Fig. 4 GeI,
P < 0.05), respectively, and 34.9% decrease in RVID
(P < 0.001), along with a negative effect on LVEF (Fig. 4J,
P < 0.05), as compared to the control MCT-PH rats. GlcA-NPs
yielded modest efficacy in the hemodynamics as compared to
GlcA-NPplex. Taken together, the dosing of GlcA-NPplex could
effectively enhance hemodynamics in MCT-PH rats.

We also measured the capability of the co-delivery approach to
ameliorate PA remodeling. The MCT-PH rats exhibited a significant
increase in the pulmonary arteriole’s tunicamedia thickening after 35-



Figure 3 Targeting the axis of lung-PA-PASMCs. (A) Ex vivo images displaying tissue distribution of DiR-labeled GlcA-NPplex at 24 h after

administration via tail vein. Scale bar, 2 cm. (B) Quantification of nanoparticle distribution (Data are represented as mean � SD. n Z 3,

**P < 0.01 compared to free DiR group). Scale bar, 50 mm. (C) Co-localization of IR783-labeled GlcA-NPplex with PA a-SMA in MCT-PH

rats. (D) Quantified fluorescence intensity for PA-targeting of IR783-labeled preparations (n Z 3, **P < 0.01). The preparation was dosed at

0.5 mg/kg IR783, according to the animal body weight. The lung was isolated at 4 h post-treatment, sectioned and marked with anti-a-SMA

antibody. Yellow fluorescence implies the co-localization.
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day MCT exposure compared to the control rats, as indicated in the
H&Estaining image (Fig. 5A). The quantitative analysis revealed that
the percentage of medial thickening of the pulmonary arterioles was
approximately 3-fold higher in the MCT-PH rats than in the control
rats (Fig. 5D). The treatment with the formulations, except for Cas-3,
decreased the medial thickening and the muscularization of pulmo-
nary arterioles in MCT-PH rats (Fig. 5A and E). Notably, GlcA-
NPplex efficiently regressed the PA remodeling with the highest ef-
ficacy as compared with the control MCT-PH rats, manifested by
around 34% reduction in medial thickening (GlcA-NPplex vs. MCT,
35.9 � 5.08% vs. 69.1� 10.34%, respectively, P < 0.001) and 36%
decline in the percentage of arteriolesmuscularization (GlcA-NPplex
vs.MCT, 23.9 � 9.38% vs. 60.5 � 13.45%, respectively, P < 0.01).

a-SMA overexpression is a significant indicator of PA remod-
elin44. To further verify the inhibition of the PA remodeling by the
formulations, we also measured the expression of a-SMA. Obvi-
ously, GlcA-NPplex downregulateda-SMA (GlcA-NPplex vs.MCT,
36.0 � 3.42% vs. 58.9� 2.66%, respectively, P < 0.001) compared
with the controlMCT-PH rats (Fig. 5B and F). Overall, GlcA-NPplex
effectively suppressed the PA remodeling in the MCT-PH models.

Finally, we tested the effect of the co-delivery approach on the
hyperproliferation and apoptosis of PASMCs. Hyperproliferation
and apoptosis resistance of PASMCs in the tunica media of PAs
significantly contribute to PA remodeling45. The increase in Ki67-
positive cells is a vital indicator of hyperproliferation12. As
assayed by immunohistochemistry (Fig. 5C and G), the PAs from
the MCT-PH rats displayed a significant escalation in Ki67-
positive cells (%) compared to that from the normal non-
diseased rats. The treatment with the drug-loaded formulations
allowed for a decrease in Ki67-positive cells (P < 0.05). Of these
formulations, the two preparations, GlcA-NPs and GlcA-NPplex,
possess the most profound influence on this proliferative indica-
tor, wherein GlcA-NPplex reduced Ki67-positive cells (%) by
2-fold (P < 0.001) in comparison with that from the control MCT-
PH rats without any treatments. Moreover, the treatment with the
PTX-loaded formulations increased TUNEL-positive apoptotic
cells compared to the control MCT-PH rats. Significantly, GlcA-
NPplex administration demonstrated more profound apoptosis
than the treatment with GlcA-NPs or the physical mixture
(P < 0.001, Supporting Information Fig. S13). Additionally, H&E
staining analysis showed that the GlcA-NPplex treatment did not
cause pathological injury to the vital organs in MCT-PH rats
compared to saline treatment (Supporting Information Fig. S14).
These results indicated that the GlcA-NPplex is potent to regress
the PASMC proliferation and promote apoptosis in the remodeled
PAs, along with good biocompatibility.

3.5. Mechanisms of GlcA-NPplex for alleviating PH

To study the underlying mechanism that the formulations inhibited
the PA remodeling, we assayed the expression of FoxO1 and Cas-
3 after dosing. First, immunofluorescence imaging was performed



Figure 4 The curative effect of different formulations on the pulmonary hypertension and depressed right ventricle contractility of rats induced

by MCT. (A) Schematic flowcharter of animal experiment. (B) Pulmonary arterial pressure was directly reflected by mPAP on Day 35. (C)

Fulton’s index [RV/(LV þ S)] suggested the degree of right ventricular hypertrophy on Day 35. Echocardiographic examination was conducted in

MCT-PH rats receiving GlcA-NPplex or GlcA-NPs on Day 33. (D) The representative images of pulmonary arterial blood flow spectral pattern,

PAAT, RVID, and TAPSE. (EeJ) Quantifying the echocardiographic parameters comprising PAAT, PVR, RVID, TAPSE, CO, LVEF (%). PAAT,

PVR, RVID and TAPSE demonstrate RV function. Increasing the mPAP accelerates the PA blood flow and shorts the acceleration time or PAAT.

With the PH development, the RV afterload rises and the RVID increases. TAPSE indicates RV systolic function. CO represents cardiac ejection

function, while LVEF reflected the systolic function of left ventricle. Data are represented as mean � SD. *P < 0.05, ***P < 0.001 compared to

MCT group; ns, no significance. n Z 6, unless indicated otherwise. CON: controlled rats (normal rats) received intravenous injections of 0.9%

saline; MCT: rats received MCT treatment. The MCT-induced rats were dosed with preparations at 0.4 mg/kg PTX and 0.04 mg/kg Cas-3 via the

tail vein. PAAT: pulmonary arterial accelerating time; PVR: pulmonary vascular resistance; RVID: right ventricle internal diameter; TAPSE:

tricuspid annular plane systolic excursion; CO: cardiac output; LVEF: left ventricle ejection fraction.
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to examine the expression and location of FoxO1 in the PAs after
incubated with GlcA-NPplex or GlcA-NPs. Evidently, the FoxO1-
positive cells were upregulated noticeably by the treatment
(Fig. 6A and B, GlcA-NPs vs. MCT, 9.85 � 1.14 vs. 4.96 � 0.759,
P < 0.01; GlcA-NPplex vs. MCT, 13.5 � 1.47 vs. 4.96 � 0.759,
P < 0.001). Next, the expression of FoxO1 and its phosphorylated
form in PAs was assessed with an immunoblotting assay. The
results revealed the reciprocal relationship between FoxO1 and
phosphorylation of FoxO1 in rats treated with MCT for 35 days,
showing a nearly 4-fold increase in the expression of phosphor-
ylated FoxO1 in contrast to a 74% decrease in the FoxO1
expression level (Fig. 6CeE). Dosing GlcA-NPs or GlcA-NPplex
significantly boosted the expression of FoxO1 and markedly
reduced its phosphorylation level in the lung of the MCT-PH rats
as compared to the rats without any treatments (Fig. 6D and E,
P < 0.001). Of note, additional studies are needed to explore how
the two formulations enable profound regression in the phos-
phorylation of FoxO1.



Figure 5 Efficacy of different formulations on the PA-remodeling regression and PASMC-hyperproliferation inhibition in MCT-PH rats. (A)

H&E staining of the lung sections and (B) immunohistochemical detection of a-SMA expression. (C) Ki67 expression determined by immu-

nohistochemistry. Semi-quantitative analysis of (D) PA medial thickness, (E) muscularization of pre-acinar arterioles, and (F) a-SMA expression

relative to per artery in PAs. Semi-quantitative analysis of (G) Ki67 positive cells relative to PASMCs. Data are represented as mean � SD.

nZ 4e6, **P < 0.01, ***P < 0.001 compared to MCT group; #P < 0.05, ##P < 0.01 compared to GlcA-NPplex group; ns, no significance. Scale

bar, 50 mm. CON: controlled rats (normal rats) received intravenous injections of 0.9% saline; MCT: rats received MCT treatment. The MCT-

induced rats were dosed with preparations at 0.4 mg/kg PTX and 0.04 mg/kg Cas-3 via the tail vein.
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Next, the pathways for restraining the hyperproliferation of
PASMCs in the lung tissues treated with various formulations
were studied by immunohistochemistry assay. GlcA-NPplex
elevated FoxO1- and Cas-3-positive cells (%) by 3- and 4.5-fold
(P < 0.001) with the highest efficacy among the preparations
compared with that from the control MCT-PH rats without any
treatments (Fig. 7A, B and D). FoxO1 negatively affects the
PASMC proliferation via downregulation of cell cycle protein
(cyclin D1)46. Inhibition of cyclin D1 expression was evident in
MCT-PH rats receiving GlcA-NPplex (Fig. 7A and C). GlcA-
NPplex administration demonstrated elevated suppression of
cyclin D1 compared to other drug-loading preparations; however,
the suppression efficacy was not intense, probably due to
administration-dose effects. Overall, these results revealed that
GlcA-NPplex constrained PASMC hyperproliferation by restrict-
ing cell cycle progression and promoting apoptosis.
4. Discussion

Given the considerable advancement in drug delivery, targeted
drug delivery to the lung and PAs remains a significant challenge.
The study found that the rod-like GlcA-NPplex efficiently accu-
mulated in the lung and targeted the PAs after intravenous
administration. To our best knowledge, few reports demonstrated
the targeting ability of the drug delivery system (DDS) to the
active axis of lungePA13. A previous report indicated that con-
ventional DDS, such as liposomes, had a poor capability of
lungePA-targeting; in contrast, the GlcA decoration could
improve the liposome PA-targeting, yet accompanying modest co-
localization with the PA tunica media13. Whereas, GlcA-NPplex
allowed profound co-localization with the PA tunica media. The
improved rod-like nanoparticle targetability to the lungePA axis
is likely due to the increased surface area for the adhesion to the
PAs under flow conditions compared to the spherical nano-
particles47e49. Furthermore, the PTX nanocrystals in GlcA-
NPplex are stiff and can not be deformed. Therefore, the
increased stiffness of rod-shaped GlcA-NPplex compared with the
soft liposomes might contribute to the PA accumulation via a
rocket-like membrane penetration model that could tear the cell
membrane50. The discovery may inspire the design of drug de-
livery to the lung and PAs.

Over-proliferation of PASMCs is a central contributor to PA
remodeling51. However, the current use of therapeutic regimes,
such as phosphodiesterase-5 inhibitors, prostacyclin analogues or
receptor agonists, endothelin-receptor antagonists, and calcium
channel blockers5, has a little inhibition effect on the proliferation
of PASMCs, though they can lessen the symptoms of PH. More-
over, few effective treatments were reported to block the prolif-
eration of PASMCs in PH52. This study found that effectively



Figure 6 Upregulated FoxO1 expression in the media tunica of PAs in MCT-PH rats. (A) The representative immunofluorescent images

displaying the expression and location of FoxO1 in the pulmonary vessels. a-Smooth muscle actin (a-SMA, Red), FoxO1 (Green), and the merge

of a-SMA and FoxO1 (Yellow), with nucleus stain (DAPI). The scale bar is 50 mm. (B) Quantification of FoxO1 positive cells in the media tunica.

(C) The expression of FoxO1 and phosphorylated FoxO1 in the lungs of rats examined by Western blotting. The representative changes of FoxO1

and phosphorylation status was shown with the same result in three separable experiments. (D and E) Semi-quantitative analysis. Data are

represented as mean � SD, n Z 4. **P < 0.01, ***P < 0.001 compared to MCT ; #P < 0.05 compared to GlcA-NPplex group; ns, no sig-

nificance. Scale bar, 50 mm. CON: controlled rats (normal rats) received intravenous injections of 0.9% saline; MCT: rats received MCT

treatment. The MCT-induced rats were dosed with preparations at 0.4 mg/kg PTX and 0.04 mg/kg Cas-3 via the tail vein.
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delivering the FoxO1 activator (PTX) using 170-nm GlcA-NPs
inhibited PASMC proliferation, promoted the apoptosis and
regressed PA remodeling with high efficacy compared with free-
PTX administration. The findings demonstrated the potential of
PTX-based delivery systems for PH treatment.

CyclinD1 plays a crucial role in cell cycle progression and
PASMC proliferation in pulmonary hypertension53. The precise
mechanism of upregulating checkpoint molecule-cyclinD1 in PH
remains elusive. Previous findings indicated that FoxO1-induced cell
cycle arrest was partially mediated by the enhanced transcription and
expression of cyclin-dependent kinase (CDK) inhibitor p27kip154.
Nevertheless, accumulating evidence showed that FoxO1 upregula-
tion led to a reduced expression of cyclinD1, andwas associatedwith
an impaired capacity of CDK4 to phosphorylate and inactivate the S-
phase repressor pRb55. Consistently, the results from the Pullamsett’s
team suggested that deletion of FoxO1 was responsible for the
augmented cyclin D1 expression in PASMCs12; in contrast, increased
FoxO1 expression by PTX contributed to cyclin D1 downregulation
and cell cycle arrest of PASMCs, promoting regression of PA
remodeling12. In this study, we found the FoxO1 expression was
strengthened by co-delivery of PTX and Cas-3 using GlcA-NPs or
GlcA-NPplex, facilitating suppression of cyclin D1 expression
(Fig. 7 and Fig. S10). The results implied that the cyclin D1 synthesis
could be affected by Cas-3.

Significantly, targeted co-delivery of the FoxO1 activator
(PTX) and apoptosis effector (Cas-3) to PASMCs using GlcA-
NPplex could inhibit the PA remodeling and effectively recover
the cardiac functions and hemodynamics, allowing promising
long-term benefits for PH patients. The treatment enhancement
resulted from the factors as follows: (i) extremely high payload
capacity in GlcA-NPplex (30% w/w vs. 3%e5% in conventional
drug carriers), (ii) prolonged blood circulation time, (iii) efficient
targetability to the lungePA axis and PASMCs (iii) synergistic
effect between PTX and Cas-3. We demonstrated that, through
inhibiting cell cycle progression and stimulating apoptosis, the
proliferation of PASMCs could be significantly regressed. The
findings represent a route to explore a new therapy regime to
combat PH. Also, the findings offer initial evidence for the
combinatorial use of PTX and apoptosis effectors such as imatinib
in clinical practices to treat PH.

We proved that GlcA-NPplex alleviated MCT-induced PH. Of
note, PH is classified into various phenotypes according to path-
ophysiological mechanisms, hemodynamic features, clinical
demonstration and therapeutic management, including pulmonary
arterial hypertension such as idiopathic PH and heritable PH, PH
due to left heart disease, PH induced by lung diseases such as
chronic lung disease or hypoxia, PH due to chronic blood clots in
the lungs, and PH induced by risk factors encompassing
sarcoidosis, sickle cell anemia, and chronic hemolytic anemia56.
The current animal models cannot completely represent the clin-
ical observations. For instance, the MCT model enables us to
understand the pulmonary vascular remodeling progression and its



Figure 7 Upregulated FoxO1 expression in the lung tissue and pathways of regressing the proliferated PAs in MCT-PH rats. (A) The expression

of FoxO1, caspase 3, and cyclin D1 examined with the immunohistochemical assay. Scale bar, 50 mm. Quantified assay of (B) FoxO1-, (C) cyclin

D1- (D) Cas-3-positive cells in the media tunica. Data are represented as mean � SD. n Z 6, ***P < 0.001 compared to MCT group;
###P < 0.001 compared to GlcA-NPplex group; ns, no significance. CON: controlled rats (normal rats) received intravenous injections of 0.9%

saline; MCT: rats received MCT treatment; PTX/Cas-3: combination of PTX and Cas-3. The MCT-induced rats were dosed with preparations at

0.4 mg/kg PTX and 0.04 mg/kg Cas-3 via the tail vein.
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pathophysiology and is the most commonly used model for new
therapeutic interventions; the low oxygen-induced model helps us
know the molecular processes involved in the vascular remodeling
caused by chronic pulmonary disease and oxygen deprivation57;
and bleomycin-induced model is beneficial to understand the
pulmonary inflammation and fibrosis on PH, always associating
parenchymal lung disease58. As such, further experiments are
desired to prove its treatment efficacy in other PH models, e.g.,
low oxygen-induced PH and bleomycin-induced PH.

5. Conclusions

In summary, targeted co-delivery of FoxO1 activator and
apoptotic protein Cas-3 to the PAs using the developed GlcA-
NPplex enables efficient inhibition of PASMC hyper-
proliferation, which in turn suppresses PA remodeling and im-
proves the cardiac functions and hemodynamics. Moreover, we
found that the proliferation of PASMCs could be repressed by
inhibiting cell cycle progression and stimulating apoptosis. Co-
delivery of FoxO1 stimulus and apoptotic activator represents an
effective pathway to fight against hyperproliferation of PASMCs
and alleviate PA remodeling. Hyperproliferation of PASMCs and
the resultant remodeling of the PAs commonly occur in all
phenotypes of PH. We believe that the therapy regimen devel-
oped in this work represents a promising platform strategy for
treating different forms of PH.

Furthermore, the targeted co-delivery system has promising
translation perspective. PTX has been reported its efficacy in
reversing pulmonary vascular remodeling in MCT-PH rodents
mediated by upregulating FoxO1 and suppressing endoplasmic
reticulum stress. However, a high PTX dose is needed to combat
this pathological process with the likelihood ofincreased adverse
reactions. The co-delivery system renders the synergistic effect of
upregulating FoxO1 expression and promoting cell apoptosis,
therefore, minimizing the dose of PTX. In addition, PTX, as one
of the widely applied anti-neoplasm agents in the clinic, is easily
accessible to expand its therapeutic regime for PH patients.
Nevertheless, this drug delivery strategy supports its significant
potential in the regression of pulmonary vasculature of MCT-PH
rodents, the clinical study is warranted to testify its effect on
human PH secondary to heterogeneous pathogenesis.
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