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KEY WORDS Abstract  Endothelial dysfunction is one of the early triggers of vascular remodeling during pulmonary
hypertension (PH) with complex predisposing mechanisms, mainly via an unbalanced generation of vaso-
active factors, increased expression of growth factors, prothrombotic elements, and
inflammatory markers. Conventional treatment regimens are restricted to a single therapeutic pathway,
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which usually leads to limited clinical outcomes. Combination therapies targeting multiple cells and
several signaling pathways are increasingly adopted in PH treatment. Herein, inspired by the cocrystal
pleomorphism theory, we prepared rod-shaped nanococrystals of the endothelin-1 (ET-1) receptor antag-
onist (bosentan, BST) and the anti-inflammatory drug (andrographolide, AG) for targeting the pulmonary
endothelium and alleviating PH. The 525 nm-sized co-delivery system displayed a rod-like morphology,
preferentially accumulated in the pulmonary endothelium and alleviated pulmonary artery (PA) remodel-
ing. A three-week treatment with the preparation significantly alleviated the monocrotaline (MCT)- or
Sugen 5416/hypoxia (SuHx)-induced PH by reducing the pulmonary artery pressure, increasing the
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survival rate, improving the hemodynamics, and inhibiting vascular remodeling. Mechanistically, the
nanococrystals collaboratively repaired endothelial dysfunction by suppressing the pathways of ET-1/
NF-«B/ICAM-1/TNF-a/IL-6. In conclusion, the cocrystal-based strategy offers a promising approach
for constructing co-delivery systems. The developed rod-shaped nanococrystals effectively target the
pulmonary endothelium and relieve experimental PH.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Pulmonary hypertension (PH) is a progressive and fatal cardiopul-
monary disorder characterized by hyperproliferative and apoptosis-
resistant pulmonary arterial smooth muscle cells (PASMCs), pul-
monary adventitial fibrosis, endothelial dysfunction, and sustained
inflammation’?. Endothelial dysfunction is thought to be one of the
early triggers of vascular remodeling, mainly via an unbalanced
generation of vasoactive factors and increased expression of growth
factors and inflammatory markers>*. Existing PH therapies pri-
marily aim to restore the mismatched production of vasoconstric-
tive/vasodilatory factors, dilate pulmonary vessels, and reduce
pulmonary artery pressure’. However, few therapies are directed
against the dysfunctional and proinflammatory endothelium.

Pulmonary endothelium dysfunction is narrowly linked to the
upregulation of endothelin-1 (ET-1), a potent endogenous vaso-
constrictor mainly produced by pulmonary artery endothelial cells
(PAECs)®”. ET-1 works via the two ET-1 receptors, endothelin
A/B receptors (ETA/B). ETA/B are expressed on PASMCs, while
only ETB is present on PAECs®. Besides, ET-1 has been found to
activate the NF-«B signaling pathway, contributing to inflamma-
tion and endothelial dysfunction®®. Notably, the upregulation of
the NF-kB in PH murine models and PAECs of PH patients has
been frequently reported'®'>. Meanwhile, NF-kB knockdown
reduces ET-1 secretion'®; in contrast, strengthening the pathway
upregulates ET-1 in various cell types'”.

BST is an ET-1 receptor antagonist approved as the first oral
drug against PH in 2001. However, clinical studies demonstrated
that single BST treatment often led to an insufficient therapeutic
remission rate and significantly reduced therapeutic efficacy for
long-term medication'®"?'. AG, a diterpenoid lactone isolated
from the plant Andrographis paniculate, has been widely studied
as a potent anti-inflammatory agent due to its NF-«kB inhibitory
action®> %>, Therefore, we propose that combining BST and AG is
promising in restoring pulmonary endothelial dysfunction and
improving PH treatment.

However, both BST and AG are poorly water-soluble drugs
with distinct physicochemical properties, different administration
routes, and non-similar in vivo behaviors?®27. Nanocrystals are
commonly implemented to improve the physicochemical proper-
ties of sparingly soluble drugs, such as solubility, and endow them
with superior pharmacokinetic properties®®?°. In contrast to other
particle carriers (e.g., polymer nanoparticles (NPs) and lipo-
somes), nanocrystals are made only from pure drug crystals and
possess a high loading capacity and reduced toxicity>® >
Nanocrystal engineering is drawing increasing attention to
improving drug efficacy due to their promising translation per-
spectives. Over 20 nano/microcrystal productions were approved
for clinical use*>. Drug cocrystallization, utilizing more than
one therapeutic agent, represents a promising approach for

combination therapies, especially for complex diseases. Drug
cocrystal offers potential synergistic and/or additive effects,
alongside improvements in physicochemical properties, without
requiring any chemical modification®*?>. Additionally, previous
findings indicated that rod-like particles prefer to accumulate in
pulmonary vessels***®. According to the cocrystal pleomorphism
theory, two active compounds could assemble into specific-shaped
nanococrystals at a fixed ratio, likely through hydrophobic in-
teractions or hydrogen bonds®’. Accordingly, we assumed that
BST and AG could assemble into rod-shaped nanococrystals at a
specific ratio, termed “BST-AG nanorods (NRs)”, effectively
restoring pulmonary endothelial dysfunction for PH treatment
(Fig. 1). Herein, we studied the two drugs’ assembly ability and
capacity to target the pulmonary endothelium. Also, the thera-
peutic efficiency of the preparation against PH was proved both
in vitro and in vivo. The NRs could efficiently target the pulmo-
nary endothelium, reverse the endothelial dysfunction by reducing
the production of ET-1 and proinflammatory factors, alleviate
pulmonary artery (PA) remodeling and ameliorate PH in the MCT
and Sugen 5416/hypoxia models.

2. Materials and methods

2.1.  Materials

Andrographolide was purchased from Pufeide Biotech (Chengdu,
China) and bosentan hydrate from Adamas-Beta (Shanghai,
China). Bovine serum albumin (BSA), lipopolysaccharide (LPS),
FITC, monocrotaline (MCT), and Sugen 5416 (SU5416) were
obtained from Sigma-Aldrich (MO, USA). DAPI was provided by
Solarbio Life Sciences (Beijing, China) and DiR by Shanghai
Aladdin Reagent (Shanghai, China). ET-1, IL-6, and TNF-«
ELISA kits were procured from Cloud-Clone (Wuhan, China).
Antibodies against phosphorylated NF-kB p65, NF-«B p65, a-
SMA, and Ki67, were purchased from Cell Signaling Technology
(Boston, USA). BCA protein assay kit, Lyso-Tracker Red, Matrix-
Gel™ (Standard), and (-actin antibodies were obtained from
Beyotime Biotechnology (Shanghai, China). Anti-ICAM-1 and
CoraLite 594-labeled antibodies were purchased from Proteintech
(Wuhan, China).

2.2.  Preparation

BST-AG NRs were prepared using antisolvent precipitation and
ultrasonication method using 0.1% BSA (pH = 7.4) as a stabilizer.
Briefly, the BSA antisolvent solution was prepared. Then, the two
drugs, BST and AG, with different mass ratios, were co-dissolved in
0.1 mL of the organic solvent (DMSO) and poured into 5 mL of the
antisolvent solution. Immediately after antisolvent precipitation, the
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Figure 1

Schematic illustration of the preparation and expected action of codelivery BST-AG NRs. After i.v. administration, the NRs accu-

mulate within the pulmonary artery (PA) and endothelium, enter ECs and release the two drugs. BST blocks the fixation of ET-1 and prevents its
pro-inflammatory action. Meanwhile, AG inhibits the NF-kB pathway and downregulates ET-1 and pro-inflammatory factors, restoring endo-
thelial function, ultimately alleviating PA remodeling and ameliorating pulmonary hypertension (PH).

suspension was sonicated with an ultrasonic probe sonicator
(20—25 kHz Scientz Biotechnology Co., Ltd.) at 350 W for 20 min
in an ice bath. Next, nanoparticles were collected by centrifugation
and redispersion cycles 3 times to remove the stabilizer residue or
any free drug using an ultrafiltration tube. DiR-NRs or FITC-NRs
were prepared similarly by co-dissolving the dye with the drugs
in the organic phase.

2.3.  Cell culture

Human pulmonary artery endothelial cells (HPAECs, ScienCell,
San Diego, USA) were cultured in endothelial cell-specific me-
dium (ECM, U.S. Sciencell, San Diego, USA) supplemented with
5% FBS, 1% endothelial cell growth factor, and 100 U/mL
penicillin + 100 pg/mL streptomycin at 37 °C in a 5% CO, hu-
midified incubator. Cells were detached by trypsin and centrifuged
at 300x g for 5 min. All the experiments were conducted while the
cells were between the 3rd and Sth passages.

2.4.  Cell experiments

HPAECs were cultured in 12-well plates (2 x 10° cells/well) for
24 h at 37 °C. Then, cells were treated with FITC-NRs for 0.5, 1,
2,4, and 6 h at 37 °C at different FITC concentrations ranging
from 1 to 10 pg/mL. Next, cells were washed, detached by trypsin,
and centrifuged (1500x g for 5 min). The fluorescence intensity
was measured by flow cytometry (FACS Calibur, BD Biosciences,
USA). HPAECs were cultured in 10 mm? glass bottom culture
dishes (2 x 10° cells/dish) for 24 h at 37 °C. Then, the cells were
incubated with FITC-NRs at FITC concentration of 5 pg/mL for 1,
2, 4, and 6 h, washed with ice-cold PBS, fixed with 4% para-
formaldehyde, and incubated with DAPI (10 pg/mL) for 10 min.
Cells were subsequently observed under LSM700 confocal laser
scanning microscope (CLSM, Zeiss, Germany).

For the investigation of the cellular entry mechanism, cells
were pretreated with different endocytosis inhibitors, including
chlorpromazine (CPZ, 10 pg/mL), nystatin (10 pumol/L), methyl-
B-cyclodextrin - (M-B-CD, 2.5 mmol/L), and nocodazole
(20 pmol/L) for 30 min at 37 °C before incubation with 5 pg/mL
of FITC-NRs for 6 h. The cells were labeled with Lyso-Tracker

Red to observe the entrapment within lysosomes. Finally, the
cells were analyzed by flow cytometry or observed under CLSM.
For the study of tube formation, cells were pretreated with
different formulations for 24 h, followed by incubation with 50 pL
of Matrix-Gel at 37 °C for 1 h, exposure to LPS (5 pg/mL) for 4 h,
and observation under an inverted microscope at x 100 magnifi-
cation. Tube formation was assessed using ImageJ software.

2.5.  Animals and the establishment of PH models

Male Sprague—Dawley (SD) rats weighing 200—250 g, purchased
from Nanjing Qinlong Animal Center (Nanjing, China), were used
in the experiments. The animals used in all experiments followed
the principles of laboratory animal care and the guide for the care
and use of the laboratory, as well as the China Pharmaceutical
University Institutional Animal Care and Use Committee (No.
202203002). Rats were housed at a temperature of 25 °C and a
light/dark cycle of 12/12 h with free access to food and water. The
MCT model was induced by a single intraperitoneal (IP) injection
of MCT solution (60 mg/kg). The Sugen 5416/hypoxia (SuHx)
model was induced by the administration of the vascular endo-
thelial growth factor receptor inhibitor SU5416 (20 mg/kg) and a
three-week period of hypoxic exposure (10% oxygen), followed
by 2 weeks of normoxic conditions before initiating the treatment.
Wild-type (WT) rats, used as negative controls, were intraperito-
neally injected with an equal volume of saline 0.9%. The estab-
lished models were confirmed by echocardiography.

2.6.  Pharmacokinetic and biodistribution studies

At predetermined time points after i.v. administration of BST-AG
NRs or the physical mixture, orbital blood was collected and
centrifuged at 1500x g for 10 min. Additionally, tissues of interest
(heart, liver, spleen, lung, and kidney) were resected at different
times, rinsed, weighed, and homogenized in PBS. Drug concen-
trations were determined by liquid chromatography/mass spec-
trometry (LC—MS/MS), as previously reported*®°. Briefly, after
plasma protein precipitation with acetonitrile, chromatographic
separation was achieved on a C18 column (4.6 mm x 250 mm,
5 wm) using an acetonitrile-0.1% formic acid mixture as the
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mobile phase, with a flow rate of 0.4 mL/min at 40 °C for BST,
and detected in positive-ion mode via electrospray ionization.
For AG, the separation was achieved with a methanol—water
(70:30 v/v) mobile phase at a flow rate of 0.2 mL/min and
30 °C with detection in negative-ion mode. The pharmacokinetic
parameters were calculated using Phoenix WinNonlin 8.1. For
ex vivo imaging, rats were sacrificed 24 h after the i.v. injection of
DiR preparations at a DiR dose of 1.5 mg/kg and their major
organs were harvested. The mean fluorescence intensity of the
collected samples was measured using an in vivo imaging system
(In-Vivo FX PRO, Carestream, Canada) with an excitation
wavelength of 768 nm and an emission wavelength of 789 nm.

2.7.  Pulmonary-endothelium targeting

At 4 h after the i.v. injection of free FITC or FITC-labeled NRs at
FITC dose of 1 mg/kg, rats were sacrificed and their lungs were
harvested. Then, the lung sections (~3 pm) were washed with PBS
and incubated with a blocking buffer for 1 h at room temperature.
Next, anti-CD31 primary antibodies (1:500) were added and incu-
bated overnight at 4 °C. After washing with PBS, CoraLite 594-
labeled goat anti-rabbit secondary antibodies (1:200) were added
and the sections were incubated at room temperature for 1 h.
Finally, samples were analyzed using Olympus VS200 slide scanner
(Olympus Corporation, Tokyo, Japan).

2.8.  Echocardiography

Echocardiography was performed under a Vevo 3100 LT ultra-
sound imaging system (VisualSonics Inc., ON, Canada) using
parasternal short axis, long axis, and apical 4-chamber views.
Pulse-wave Doppler echosonography was performed to record the
PA flow at the level of the aortic valve in the parasternal short-axis
view to measure pulmonary acceleration time (PAT), pulmonary
ejection time (PET), and the ratio PAT/PET. Right ventricular
internal diameter (RVID) and right ventricular free wall thickness
(RVFWT) were measured during end-diastole using the M-mode
of the parasternal long-axis views. Tricuspid annular plane sys-
tolic excursion (TAPSE) was recorded in 2D M-mode echocar-
diograms from the apical 4-chamber view. Cardiac output and
ejection fraction of the left ventricle (LV) were also recorded
using M-mode to assess LV function.

2.9.  Open-chest hemodynamic and right ventricular
hypertrophy measurements

Pulmonary hemodynamic parameters were measured in the open
chest by inserting a polyethylene catheter (PE 50) filled with
heparinized saline (7 units/mL) into the right ventricle (RV) and
then advancing the catheter connected to a pressure transducer
into the PA trunk. The right ventricular systolic pressure (RVSP)
and mean pulmonary arterial pressure (mPAP) were recorded.
Measurements were made using a polygraph (Powerlab, AD In-
struments, USA). Ultimately, rats were sacrificed to collect major
organs, which were snap-frozen and maintained at —80 °C until
further analysis.

The harvested hearts were dissected into the RV and LV plus
interventricular septum (S), and weighed separately to determine
the right ventricular hypertrophy index (RVHI), which is
expressed as the ratio of RV weight to the sum of LV and S weight.

2.10.  Hematoxylin and eosin (H&E) staining

The tissues collected from all the experimental groups were fixed in
4% paraformaldehyde and embedded in paraffin for histologic
evaluation. The tissue sections (3—5 pum) were stained with H&E
and observed under an optical microscope (Olympus, DP27,
Hachioji, Japan) at x 200 magnification. Pulmonary vascular
remodeling was assessed by estimating the external and internal
diameters, lumen, and total vessel areas of over 10 randomly chosen
vessels per animal. Then, the ratios of pulmonary vascular wall
thickness and wall area were calculated using Eqs. (1) and (2):

Vascular wall thickness (%) = (Outer diameter — Inner diameter)/
Outer diameter x 100 (1)

Vascular wall area (%) = (Total vessel area — Lumen area)/Total
vessel area x 100 2)

Additionally, the average cross-sectional area per cardiomyocyte
was measured using ImageJ software to evaluate cardiomyocyte
hypertrophy.

2.11.  Immunohistochemistry (IHC)

The paraffin-embedded lung sections (~3 pm) were dewaxed,
rehydrated, and treated with peroxidase blocking solution for
10 min at room temperature to inhibit the activity of endogenous
peroxidases. Next, the slides were blocked with serum for 10 min at
room temperature to inhibit non-specific binding. Subsequently, the
tissues were incubated with anti-a-SMA primary antibodies (1:200)
or anti-Ki67 primary antibodies (1:1000) overnight at 4 °C, washed
with PBS, and incubated with biotinylated secondary antibodies for
1 h at room temperature. The slides were observed under the mi-
croscope and vessels with a diameter < 100 pm in 10 fields of view
were selected. The brown parts were considered the a-SMA or
Ki67 positive areas.

2.12.  Western blotting

The frozen lungs were homogenized in RIPA lysis buffer containing
1 pL PMSF inhibitor using a glass homogenizer on ice. Lung ho-
mogenates were then sonicated and centrifuged at 15,000x g for
10 min at 4 °C. Supernatants were collected and stored at —80 °C
for further use. The total protein concentrations were measured
using a BCA protein assay kit. Briefly, aliquots of proteins (30 ng)
were separated by polyacrylamide gel electrophoresis and trans-
ferred to a PVDF membrane at 300 mA for 1.5 h. The protein-
loaded membranes were then blocked for 10 min using a block-
ing buffer at room temperature and incubated overnight at 4 °C with
1:1000 diluted primary antibodies. Then, the membranes were
incubated with goat anti-rabbit horseradish peroxidase-conjugated
secondary antibodies (1:1000 dilution) for 2 h at room tempera-
ture. Finally, the peroxidase activity was detected using an ECL
chemiluminescence kit (Beyotime Biotechnology, Shanghai,
China), imaged under a ChemiDoc platform (Bio-RAD, CA, USA),
and analyzed by Image Lab 5.1 (Bio-RAD, CA, USA).

2.13.  Statistical analysis
All statistical analyses were performed using GraphPad Prism 9

(GraphPad Software Inc., USA). One-way ANOVA or two-way
ANOVA analysis were used to assess the statistical significance of
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the differences between the groups. All results were presented as
means + standard deviation (SD). P values < 0.05 were considered
significant.

3. Results

3.1.  Preparation and characterization

First, we investigated the synergistic effect of the two drugs on
downregulating the proinflammatory TNF-« using SynergyFinder,
in which the positive and negative scores indicate synergy and
antagonism, respectively (See Supporting Information). All the
scores of studied ratios are positive values (Supporting Information
Fig. S1), indicating that the two drugs could work collaboratively.

Then, we prepared BST-AG NRs using the antisolvent
precipitation-ultrasonication method and BSA as a stabilizer. The
formulation was optimized by changing the BST/AG mass ratio
from 1:1 to 1:5 (Fig. 2A). The 1:3 ratio was selected as the opti-
mized formulation for the subsequent studies because it offers a
balance between size, loading capacity, and suitability for intrave-
nous injection and pulmonary-endothelium targeting. Unlike the 1:1
and 1:5 ratios, which proved too large, the 1:3 ratio exhibited
favorable characteristics in both size and PDI. Furthermore, the
combination 1:3 had a superior synergy score (Fig. S1). The
entrapment efficiencies in the formulation were approximately 87%
with a drug-loading of 20.5% for BST and 86% with a drug-loading
of 54.2% for AG. The NRs displayed a size of 525 nm in length,
negative charge (—10.4 £ 2.2 mV), and rod-like morphology
(Fig. 2B). PXRD test showed that the lyophilized NRs had a
crystalline state (Fig. 2C). The incorporation of AG and BST led to
a fluorescence quenching revealing the interaction between BSA
and the drug crystals (Supporting Information Fig. S2).

To illustrate the cocrystal formation mechanism, we initially
conducted an FTIR examination (Supporting Information Fig. S3).
The FTIR spectrum of the physical mixture was more similar to
the AG spectrum due to the higher mass ratio of AG in the blend
(1:3) without shift or apparition of new bands. The formation of
NRs led to the change of O—H stretching of BST from 3625 to
3678 cm . Also, the C—O stretching of AG recorded at 1219 and
1031 ecm™" shifted to 1247 and 1011 cm™"'. These changes are
probably due to the formation of hydrogen bonds that might be the
main driving force of the two drugs’ assembly. Then, we con-
ducted molecular docking to gain an in-depth insight into the
intermolecular interactions between the self-assembled drugs. The
binding energy of interactions between AG and BST was
—3.9 kcal/mol, with 6 intermolecular interactions detected,
including hydrogen and hydrophobic bonds (Fig. 2D). Further,
UV—Vis absorbance of NRs was similar to the free drugs dis-
solved in DMSO and 0.2% SDS, implying the absence of 7—m
stacking and hydrophobic force (Fig. 2E and F). In contrast, the
spectrum of NRs exhibited a red shift and an absorption
enhancement in 0.25 mol/L NaCl, indicating the destruction of
intermolecular interactions, likely hydrogen bonds formed be-
tween the partially negative N or O atoms and partially positive
hydrogen atoms (Fig. 2G). The results imply that hydrogen bonds
are probably the main driving force of self-assembly.

The stability examination demonstrated that BST-AG NRs were
stable against aggregation or sedimentation after 48-h incubation in
10% serum PBS (Fig. 2H). The release study displayed that about
60% of BST and AG were released from BST-AG NRs at 12 h, with
an initial burst release of 30% within the first 1 h. Then, the release

was continued, but the cumulative release was less than 70% after
24 h for both BST and AG, indicating a sustained and synchronous
release profile of the two drugs (Fig. 2I).

Finally, we studied the hemotoxicity and protein corona of the
NRs. The NR incubation demonstrated less than 5% hemolysis
rate (3.5%) as the BST concentration ranged from 0 to 300 pg/mL
(Supporting Information Fig. S4). The data indicated that i.v.
administration of the NRs is safe. The attachment of various
biomolecules to the nanoparticle surface may influence their cir-
culation, stability, toxicity, and cellular uptake*®. The incubation
with FBS allowed the NRs to display several bands (Fig. 2J-K,
Supporting Information Fig. S5); however, the most detectable
band was about 65 kDa (BSA). The quantification revealed that
fewer proteins were adsorbed to the NRs due to BSA coating
(P < 0.01 at 72-h incubation, Fig. 2L). The data suggest the
beneficial effect of BSA coating in reducing the interaction with
blood proteins, in addition to its role as a steric stabilizer.

3.2, Cellular uptake and attenuation of endothelial dysfunction
in vitro

As displayed in the Supporting Information Fig. S6, the inter-
nalization of BST-AG NRs occurred in a time- and concentration-
dependent manner. To investigate the internalization mechanism,
we studied the endocytosis using the inhibitors of CPZ, nystatin,
M-B-CD, and nocodazole, which suppress -clathrin-mediated
endocytosis, caveolin/cholesterol-dependent internalization, and
microtubule-related-internalization, respectively*'. Pretreatment
with nystatin or M-3-CD significantly reduced the NRs’ uptake,
demonstrating that nanoparticles were predominantly internalized
via caveolin- and cholesterol-dependent endocytosis. Consistently,
CLSM images revealed a remarkable reduction in green fluores-
cence after the pretreatment, confirming the involvement of the
endocytosis pathway. The caveolin/cholesterol internalization al-
lows intracellular delivery by bypassing the endo-lysosomes®'. An
additional CLSM study indicated that FITC-NRs had little
colocalization with the endo-lysosomes (Supporting Information
Fig. S7). The data revealed that the cellular uptake of NRs pri-
marily occurred through a non-endo-lysosomal route.

The endothelial dysfunction characterized by the upregulation
of ET-1 and proinflammatory factors is one of the critical hall-
marks observed during PH>. For the in vitro studies, LPS was used
to simulate the proinflammatory endothelial phenotype of
PH*"*. The incubation with free BST-AG and BST-AG NRs
significantly reduced ET-1 compared to the LPS-induced positive
control (Fig. 3A and B, P < 0.05, P < 0.01). The two preparations
also decreased the tube number (Supporting Information Figs.
S8A and S8B, P < 0.01, P < 0.01), demonstrating a change in
the endothelial phenotype. Increased ICAM-1 expression could
reduce the function of the endothelial barrier and cell junc-
tions*®*7. The treatment using AG-containing preparations
allowed significant ICAM-1 reduction (Fig. 3E and G, P < 0.05,
P < 0.01). Furthermore, the NRs more profoundly declined the
proinflammatory factors, IL-6 and TNF-a (Fig. 3C and D,
P < 0.01). Subsequently, the involvement of the NF-«B signaling
pathway was investigated. Dosing with AG-containing prepara-
tions, free AG, free BST-AG and NRs, downregulated NF-«kB p65
(Fig. 3E and F, P < 0.05, P < 0.01, P < 0.001). However, only
NR treatment significantly increased the expression of the pro-
apoptotic protein (Bax) (Fig. S8C). Collectively, the NRs were
the most efficient in restoring endothelial functions in vitro due to
the improved intracellular drug delivery.
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Figure 2  Preparation and characterization of BST-AG NRs. (A) Effect of the BST:AG mass ratio on the particle size and PDI of the NRs
(n = 3). (B) TEM image. Scale bar = 500 nm. (C) PXRD assay. BST and AG exhibited distinct sharp peaks between 5° and 40°. The physical
mixture displayed typical peaks from the two drugs. The NRs displayed similar peaks as the physical mixture, suggesting that both drugs pre-
served their crystalline state. (D) Schematic illustration of the drug’s assembly mode. BST is presented by sticks, and AG is presented by balls and
sticks. The green lines indicate hydrogen bonds, and the black lines represent the hydrophobic bonds with their respective distance (A). UV—Vis
absorbance of NRs or the physical mixture in the presence and absence of (E) DMSO, (F) SDS (0.2%, w/v), and (G) NaCl. (H) Serum stability of
the NRs in terms of particle size (nm) and PDI in PBS (pH 7.4) and PBS (pH 7.4) + 10% FBS (n = 3). (I) In vitro drug release from the NRs
under pH 7.4 for 24 h (n = 3). Coomassie staining of (J) BSA-free NRs and (K) BSA-NRs before and after incubation with 10% FBS (v/v) at
37 °C. (L) Quantitative analysis of protein corona (PC) adsorbed on the NRs evaluated by bicinchoninic acid assay. The data are given as
mean £+ SD, n = 3. *P < 0.05, **P < 0.01, compared to the control group.

3.3.  Improved pharmacokinetic behavior, biodistribution, and animal model. The plasma concentration of the two drugs was
pulmonary-endothelium targeting measured by LC-MS/MS. The plasma concentrations of the two

drugs in the NRs were higher for 8 h over the free combination
Pharmacokinetic studies of the nanoparticles were performed by (Supporting Information Fig. S9). BST incorporated into NRs

i.v. injection of free BST-AG and NRs in the MCT-induced displayed a 1.5-fold prolongation of half-life, a 3.5-fold
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Figure 3 In vitro effect of the preparations on endothelium
dysfunction. (A) ET-1 level after activating HPAECs using different
LPS concentrations (0, 5, 10 pg/mL) for 24 h. (B) The increase in ET-1
levels after 24 h treatment with different preparations at a BST dose of
6 umol/L and AG dose of 30 pmol/L. (C) IL-6 and (D) TNF-« levels.
ET-1, IL-6, and TNF-a were measured using ELISA kits following
the manufacturer’s instructions. (E) WB bands of p—NF—«B-p65
and ICAM-1. Semi-quantitative analysis of (F) p—NF—«B-p65 and
(G) ICAM-1. The data are given as mean £ SD, n = 3.
P < 005, P < 001, compared to the PBS group. *P < 0.05,
**pP < 0.01, **P < 0.001, compared to the LPS group. &p < 0.05,
&&p < 0.01, compared to NRs group. ns, not significant.

augmentation of the area under the curve (AUC), and a 3.5-fold
decrease in clearance compared to the physical mixture
(Table 1). Likewise, there was a 1.8-fold extension of half-life, a
2.3-fold increase in AUC, and a 2.3-fold reduction in clearance
of AG loaded into NRs compared to the free formulation. These
results indicate that the NRs improved the pharmacokinetic
behavior of the two drugs.

Next, we examined drug biodistribution after injecting the two
preparations. The drugs in the two formulations accumulated
similarly in the heart, spleen, and kidneys. However, the BST and
AG pulmonary concentrations from the NRs were significantly
higher than free BST-AG at 5 min, 1 and 4 h post-injection
(Fig. 4A and B, P < 0.01, P < 0.001). Consistently, the DiR-NRs’
fluorescence intensity in the lung was significantly higher (1.5
times) than the free dye, indicating an enhanced pulmonary dis-
tribution (Fig. 4C and D, P < 0.01).

Finally, we evaluated NR accumulation in the pulmonary
endothelium by colocalizing FITC-BST-AG NRs with the endo-
thelium marker CD31. Yellow fluorescence spots appeared in the
merged image and indicated the colocalization (Fig. 4F). Impor-
tantly, the accumulation of FITC-NRs increased by approximately
3-fold compared to free FITC (Fig. 4E, P < 0.001). These results
demonstrate that BST-AG NRs could target the pulmonary
endothelium.

3.4.  Ameliorated MCT- and SuHx-induced experimental PH

First, we assessed the treatment efficacy of preparations in the
MCT-induced model. The 3-week treatment with combined
preparations, free BST-AG or NRs, elevated the rats’ survival rates
(Fig. 5A and B). At the end of treatment, we assessed RVSP and
mPAP. Remarkably, combining the two drugs in the free mixture
or NRs resulted in a more effective reduction of RVSP and mPAP
than their monotherapies (Fig. 5C and D). The NR-treated group
displayed a maximal decrease of 49% (P < 0.001) in RVSP and
47% (P < 0.001) in mPAP, compared to the model. The data
suggest that intravenous injection of BST-AG NRs allowed an
effective decline in RVSP and mPAP.

Next, we assessed the RV functions using echocardiography.
The PAT/PET ratio and TAPSE are essential parameters that reflect
the RV afterload*®%°. Again, BST-AG NRs increased the PAT/PET
ratio and TAPSE, while other preparations demonstrated modest
effects (Fig. SE-G, P < 0.01, P < 0.001). Similarly, treatment with
BST-AG NRs reduced RVID (P < 0.01) and RVFWT (P < 0.01)
while it increased the LV cardiac output (Supporting Information
Fig. S10A-S10E, P < 0.05). Additionally, BST-AG NRs
decreased the cross-sectional area and RVHI to a similar level as the
control groups (Fig. SIOF-S10H, P < 0.05). These data suggest
that NRs attenuated RV remodeling effectively.

Table 1  Pharmacokinetic parameters of BST and AG in NRs and physical mixture formulations (free BST-AG) after i.v. injection in rats
at a BST dose of 5 mg/kg and AG dose of 15 mg/kg.
Parameter t12 (h) AUCq.. (h-pg/mL) MRT(_o. (h) Vy (L/kg) CL (L/h/kg)
Free BST 1.40 £+ 0.1 4.07 £ 2.1 1.62 + 0.4 1.99 + 0.3 1.22 £ 0.3
BST-NRs 2.16 £+ 0.4%* 14.19 +£ 3.4%%* 2.80 £+ 0.6%* 0.98 £ 0.5%* 0.35 &+ 0.2%*
Free AG 1.84 £ 0.3 18.76 £ 5.6 241 £ 0.7 1.93 £ 0.4 0.79 £ 0.1
AG-NRs 321 3E 0.5 43.94 £ 7.3%%* 3.76 £+ 0.6* 1.29 £+ 0.5 0.34 4 0.1%**

AUC, the area under the curve; MRT, mean residence time; CL, clearance rate; Vg4, volume of distribution. The data are given as mean & SD, n = 6.
*P < 0.05, #P < 0.01, ***P < 0.001, compared to the free groups. ns, not significant.
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Figure 4

Biodistribution and pulmonary-endothelium targeting. Biodistribution of (A) BST and (B) AG in different tissues evaluated through

LC-MS/MS at different time points (n = 6). (C) Ex vivo fluorescence images of major organs and (D) semi-quantitative biodistribution of free
DiR or DiR-NRs at 24 h post-injection determined by the average radiant efficiency [p/s/cm*/sr]/[uW/cm?] of each organ. The rats were i.v.
injected with free DiR or DiR-NRs at a dose of 1.5 mg DiR/kg. (E) Quantified assay of free FITC or FITC-NRs targeting rate and
(F) immunofluorescence images showing the colocalization of FITC-labeled NRs (green fluorescence) with CD31 (dilution 1:500, labeled with
CoraLite 594 secondary antibodies, red fluorescence). The data are shown as mean + SD (*P < 0.05, **P < 0.01, ***P < 0.001). The rats were
i.v. injected with free FITC or FITC-labeled NRs at a single FITC dose of 1 mg/kg. At 4 h post-administration, the rats were sacrificed and the
lungs were harvested for fluorescence imaging. Yellow fluorescence indicates colocalization. Scale bar = 50 um.

We investigated the PA remodeling after a 3-week treatment in
the MCT-induced model. The vascular wall thickness (%) and
wall area (%) noticeably increased in the non-treated groups.
Among the preparations, only the NR treatment significantly
reduced vascular wall thickness (%) and wall area (%) compared
to the model group (Fig. 5H-J, P < 0.01). Moreover, we
determined the indicator «-SMA to assess the PA muscularization

(Fig. 5K). The «-SMA expression increased in the MCT
model compared to the WT group (P < 0.001). Combined
treatment using the free mixture or NRs reduced the a-SMA
expression compared to the model group (Fig. SL, P < 0.05,
P < 0.001).

Finally, we tested different formulations’ anti-proliferative and
apoptotic effects in lung tissue. As displayed in the Supporting
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Figure 5 Therapeutic efficiency in the MCT rat model. (A) Therapeutic schedule. (B) Kaplan—Meier survival curves, (C) RVSP, (D) mPAP. (E)
Echocardiography images of MCT rat model. Pulsed wave Doppler: Pulsed wave Doppler echography. Semi-quantitative echocardiographic data
of (F) the PAT/PET ratio and (G) TAPSE. Semi-quantitative analysis of pulmonary vascular (H) wall thickness and (I) wall area. (J) H&E images
of paraffin-embedded lung sections. Nuclei are stained in blue while the cytoplasm and extracellular matrix are stained red. (K) Representative
IHC images and (L) semi-quantitative analysis of «-SMA expression in the pulmonary vessels. The brown spots represent the positive area. Scale
bar = 50 um. The rats were intravenously injected every 3 days for 3 weeks at a BST dose of 5 mg/kg and AG dose of 15 mg/kg. The data are
given as mean + SD, n = 6. #p < 0.05, P < 0.01, P < 0.001, compared to the WT group (normal animals). *P < 0.05, **P < 0.01,
###4P < 0.001, compared to the MCT group. “P < 0.05, ““P < 0.01, “**P < 0.001, compared to NRs group. ns, not significant.
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Information Fig. S11, free drugs alone or in combination inhibited
the MCT-induced proliferation without significance compared to
the model group, whereas NRs lowered the proliferation signifi-
cantly (P < 0.05) in the model. Consistent with the lowest pro-
liferation rate obtained in the NRs group, the maximum
augmentation of TUNEL-positive cell rates in the lungs of PH rats
was induced by BST-AG NRs treatment (P < 0.001), indicating
elevated apoptosis. As expected, repeated administration of the
NRs demonstrated little histopathological alteration in major or-
gans compared to the WT group, indicating the safety (Supporting
Information Fig. S12).

Figure 6

In addition, the therapeutic efficacy of BST-AG NRs was inves-
tigated in the SuHx PH model induced by SU5416 combined with 3
weeks of hypoxic conditions (Fig. 6A). The treatment using NRs
could alleviate the PH in the model, e.g., improving cardiopulmonary
hemodynamics (Fig. 6B—D and F, Supporting Information Fig. S13,
P < 0.05), reducing PA remodeling and proliferation (Fig. 6G-1,
Supporting Information Fig. S14, P < 0.05), although the effect on
indicators such as PAT/PET ratio (Fig. 6E) and a-SMA (Fig. 6J and
K) is not profound as the MCT model.

Overall, the results indicated that treatment with BST-AG NRs
could ameliorate experimental PH in MCT- and SuHx-induced

Therapeutic efficiency in the SuHx rat model. (A) Therapeutic schedule. (B) RVSP, (C) mPAP. (D) Echocardiography images of SuHx

rat model. Semi-quantitative echocardiographic data of (E) the PAT/PET ratio and (F) TAPSE. Semi-quantitative analysis of pulmonary vascular
(G) wall thickness and (H) wall area. (I) H&E images of paraffin-embedded lung sections. Nuclei are stained in blue while the cytoplasm and
extracellular matrix are stained red. (J) Representative IHC images and (K) semi-quantitative analysis of a-SMA expression in the pulmonary
vessels. The brown spots represent the positive area. Scale bar = 50 um. The rats were intravenously injected every 3 days for 3 weeks at a BST
dose of 5 mg/kg and AG dose of 15 mg/kg. The data are given as mean + SD, n = 3. *P < 0.05, ¥P < 0.01, compared to the WT group (normal
animals). *P < 0.05, **P < 0.01, compared to the SuHx group. ns, not significant.
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models with higher efficacy than monotherapy by improving
cardiopulmonary hemodynamics and reducing PA remodeling.

3.5.  Mechanism study: strengthened endothelial function in vivo

PH is a progressive disease induced by pulmonary endothelium
dysfunction and vascular remodeling. The endothelial function is
crucially governed by various factors, such as ET-1, endothelial-
to-mesenchymal transition (EMT), inflammation, deposition of
extracellular matrix, and vascular remodelingé'45 . Initially, we
examined the pivotal marker of endothelium dysfunction, lung
ET-1. As shown in Fig. 7A, ET-1 levels in the MCT model
significantly increased compared to the control group (P < 0.01).
BST and AG demonstrated a modest reduction of ET-1 compared
to the model. Whereas the combination formulations, especially
BST-AG NRes, significantly downregulated ET-1 (P < 0.01).
ET-1 expression is often related to the a-SMA expression on
intima cells, potentially promoting EMT%>'. The BST-AG NRs
therapy could efficiently repress the PH-induced a-SMA over-
expression. ET-1 exacerbates inflammation through the axis of
NF-kB/ICAM-1/TNF-o/IL-672>*. As depicted in Fig. 7B and C,
the two inflammatory factors, IL-6 and TNF-«, were decreased
after treatment using the combination of free BST-AG or NRs
(P < 0.05, P < 0.001). Again, the NR-treated group displayed the
most profound reduction of ICAM-1 among the treated groups

Figure 7

(Fig. 7D and F, P < 0.01). Then, we measured the phosphorylation
of NF-«kB p65 protein in the lung to confirm the involvement of
the NF-«kB pathway (Fig. 7D and E). Efficiently, BST-AG NRs
reduced the protein expression compared to the model group
(P <0.01).

Taken together, we proved that BST-AG NRs could restore PH-
related endothelial dysfunction by suppressing the ET-1/NF-
kB/ICAM-1/TNF-«/IL-6 pathways.

4. Discussion

Combining therapies targeting multiple cells and several signaling
pathways are increasingly adopted to treat PH>~°. In this work, we
proposed a co-delivery platform with suitable properties for pul-
monary endothelium-targeting to deliver the two poorly soluble
drugs, BST and AG, as a potential combination against PH. Unlike
other co-delivery preparations, the present co-delivery system,
BST-AG NRs, mainly composed of drugs, exhibited high drug-
loading of 20.5% for BST and 54.2% for AG (mass ratio 1:3),
in contrast to most of the commonly studied nanoplatforms, such
as lipid and polymer-based NPs, that suffer from low payload
capacity (<10%, wiw)?*>*%7_ Moreover, the carrier-free platform
is simply synthesized without crosslinkers or additional carrier
materials, making them safe and cost-effective®®. Additionally,

Downregulated production of ET-1, proinflammatory factors, and NF-«kB expression in the lungs. The (A) ET-1, (B) IL-6, and (C)

TNF-a were measured by ELISA following the manufacturer’s instructions. (D) WB bands of p—NF—«B-p65 and ICAM-1. Semi-quantitative
analysis of (E) p—NF—«B-p65 and (F) ICAM-1. The rats were intravenously injected every 3 days for 3 weeks at a BST dose of 5 mg/kg and AG
dose of 15 mg/kg. The data are given as mean + SD, n = 6. *P < 0.05, P < 0.01, ¥ P < 0.01, compared to the WT group (normal animals).
#*P < 0.05, **P < 0.01, ***P < 0.01, compared to the MCT group. ¢P < 0.05 compared to the NRs group. ns, not significant.
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insoluble drugs account for over 40% of drugs used in the clinic
and 60% of new chemical entities®®. According to the cocrystal
theory, two active compounds could bond together with the
assistance of supramolecular synthons and assemble into specific-
shaped particles at a stoichiometric ratio via various noncovalent
bonds, such as van der Waals, hydrogen bonding, and m—m
stacking interactions®’. Particle geometry significantly affects the
in vivo fate, e.g., circulation, biodistribution, intracellular trans-
location, immune response, vessel flow performance, and target-
ing of specific tissues®. The study suggests that the hydrogen
bonds might be the main driving force behind the assembly of the
two drugs. We found that the co-delivery platform had a rod shape
and efficiently targeted the pulmonary endothelium to synchro-
nously co-deliver the two small drugs. As a result, two insoluble
drug-assembled nanococrystals represent a universal strategy for
constructing co-delivery systems.

The significant enhancement in the pulmonary distribution and
pulmonary-endothelium targeting of BST-AG NRs could be
ascribed to several factors. Large-sized NPs tend to accumulate in
the pulmonary vessels better than their smaller counterparts®! %2,
The NP morphology also plays a critical role in their bio-
distribution. The anisotropic shape promotes adhesion to lung
vasculature and endothelium penetration, owing to their higher
contact area compared to same-sized spherical ones®®%7%
Furthermore, the caveolae-dependent endocytosis of nanorods
favors their uptake by endothelium due to the high caveolin
content in endothelial cells*®®© %8, The large endothelial surface
area of pulmonary vessels, constituting 1/3 of the total endothelial
surface, further contributes to pulmonary vessel targeting®. After
i.v. injection, pulmonary arterial capillaries are the first major
obstacles to entrapping the NPs, thereby potentializing their tar-
geting ability®’.

Associating different PH therapeutics, such as ET-1 receptor
antagonists and phosphodiesterase type 5 inhibitors, often in-
creases the risk of drug—drug interactions and adverse effects,
such as hypotension®>. Combining therapies targeting different
disease profiles, including vascular remodeling, inflammation, and
endothelial dysfunction, seems promising. BST is a potent anti-PH
drug reported to reduce PH-associated vascular remodeling,
inflammation, and cardiac dysfunction'®’°. The addition of AG to
BST therapy, especially as a nanoscaled co-delivery platform, has
significantly boosted the therapeutic effect against PH, as revealed
by the enhanced survival rate, reversed vascular remodeling,
restored endothelial function, and alleviated lung inflammation.
The ameliorated PH is ascribed to the improved pharmacokinetics
and lung biodistribution, pulmonary-endothelium targeting ability,
and synergism between the two drugs.

Our data suggest that the beneficial effect of the BST-AG
combination in reducing endothelial dysfunction is likely medi-
ated by a synergistic action on the ET-1/NF-«kB/ICAM-1/TNF-o/
IL-6 pathways. The central and pleiotropic action of this axis in
several diseases paves the way for associating endothelin-1 an-
tagonists and anti-inflammatory drugs in various therapeutic ap-
plications, such as acute respiratory distress syndrome, asthma,
pulmonary fibrosis, and cancer’' ™.

5. Conclusions
In summary, our study leverages the cocrystal approach to spe-

cifically co-deliver BST and AG to the pulmonary endothelium for
alleviating experimental PH. The co-delivery system acted

collaboratively by suppressing the pathways of ET-1/NF-«B/I-
CAM-1/TNF-o/IL-6. Promisingly, endothelial dysfunction is
associated with several lung diseases besides PH. Therefore, our
platform may hold benefits for restoring other lung disorders.
Additionally, this nanococrystal-based strategy offers simplicity
and controllability, facilitating reproducibility and scalability, thus
promising a perspective for successful translation.
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