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Au-modified ceria nanozyme prevents
and treats hypoxia-induced pulmonary
hypertension with greatly improved
enzymatic activity and safety
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Abstract

Background Despite recent advances the prognosis of pulmonary hypertension remains poor and warrants novel
therapeutic options. Extensive studies, including ours, have revealed that hypoxia-induced pulmonary hypertension
is associated with high oxidative stress. Cerium oxide nanozyme or nanoparticles (CeNPs) have displayed catalytic
activity mimicking both catalase and superoxide dismutase functions and have been widely used as an anti-oxidative
stress approach. However, whether CeNPs can attenuate hypoxia-induced pulmonary vascular oxidative stress and
pulmonary hypertension is unknown.

Results In this study, we designed a new ceria nanozyme or nanoparticle (AuCeNPs) exhibiting enhanced enzyme
activity. The AuCeNPs significantly blunted the increase of reactive oxygen species and intracellular calcium
concentration while limiting proliferation of pulmonary artery smooth muscle cells and pulmonary vasoconstriction
in a model of hypoxia-induced pulmonary hypertension. In addition, the inhalation of nebulized AuCeNPs, but

not CeNPs, not only prevented but also blunted hypoxia-induced pulmonary hypertension in rats. The benefits of
AuCeNPs were associated with limited increase of intracellular calcium concentration as well as enhancement of
extracellular calcium-sensing receptor (CaSR) activity and expression in rat pulmonary artery smooth muscle cells.
Nebulised AuCeNPs showed a favorable safety profile, systemic arterial pressure, liver and kidney function, plasma
Ca”* level, and blood biochemical parameters were not affected.
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and treats hypoxia-induced pulmonary hypertension.
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Background

Pulmonary hypertension (PH) is characterized by pul-
monary vasoconstriction and remodeling, resulting in
increased pulmonary vascular resistance as well as right
ventricular afterload, eventually leading to right heart
failure and death [1-3]. There are three major classes of
medications to treat the various groups of pulmonary
arterial hypertension including prostacyclin analogues,
endothelin receptor antagonists and nitric oxide regula-
tors. These drugs have shown efficacy mostly in group 1
subjects suffering from pulmonary arterial hypertension
(PAH). The latest guidelines state that there is limited and
conflicting evidence for the use of medication approved
for PAH in patients with group 3 PH [4], the medications
for PAH medication is not recommended for patients
with group 3 PH.

Despite many efforts to develop new therapeutic
options, there is unfortunately a lack of specific and effi-
cient therapeutic strategies for subjects with group 3 pul-
monary hypertension which is associated with chronic
lung disease and/or hypoxia.

Our previous studies have shown that hypoxic condi-
tions enhance the activity and expression of the extra-
cellular calcium-sensing receptor (CaSR) subsequent
to the release of mitochondria-derived reactive oxy-
gen species (ROS) in pulmonary artery smooth muscle
cells (PASMCs). The CaSR activation leads to increased
intracellular Ca?" concentration ([Ca®'];) and higher
proliferation rate of PASMCs ultimately promoting vas-
cular constriction and remodeling leading to pulmonary
hypertension [5, 6]. Consistent with the role of ROS in
the development of hypoxic pulmonary hypertension [5—
9], it has been reported that overexpressing of superoxide
dismutase (SOD), catalase (CAT) or using antioxidants
can improve hypoxia-induced pulmonary hyperten-
sion [10-13]. Antioxidant-based therapeutic approaches
could therefore be explored in the prevention and treat-
ment of pulmonary hypertension.

Recently, nanomaterials with enzymatic catalytic
activities, named nanozymes, have been developed.
Nanozymes offer the advantages being less expensive,
having higher enzyme stability and programmable enzy-
matic ability [14, 15]. Many nanozymes acting as ROS
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scavengers have been shown to attenuate ROS-induced
cell toxicity and damages to a similar manner than nat-
ural antioxidant enzymes [16, 17]. Among them, ceria
nanoparticles (CeNPs) are versatile and biocompatible
nanozymes and were reported at the beginning of the
21st century to be an antioxidant for scavenging free rad-
icals because of the presence of the mixed valence states
of Ce3* and Ce** on the surface [18, 19]. In 2007, it was
first reported to be applied in vivo, reducing myocardial
oxidative stress, and improving cardiomyopathy through
its own regenerative antioxidant properties [20]. CeNPs
have a catalytic activity mimicking both catalase (CAT)
and superoxide dismutase (SOD) antioxidant capacities
according to the following mechanisms [21]:

ce*t + 027 + 2H" — Cett + Hy09;
C€4+ + HQOQ — C63+ + 2H + +OQ.

These characteristics enable CeNPs to be widely exam-
ined in different fields of biomedicine research, for
example, protecting rodent lungs from hypobaric
hypoxia-induced oxidative stress and inflammation [22],
attenuating ischemia-reperfusion injury [23-25], allevi-
ating tumor hypoxia [26, 27], and beneficial for neuro-
degenerative diseases [28, 29]. In addition, Amin et al.
reported that CeNPs protected the liver from oxidative
damage induced by monocrotaline (MCT) [30]. Kolli et
al. reported that CeNPs (i.v. injection at a dose of 0.1 mg/
kg) attenuated MCT-induced right ventricular hypertro-
phy [31] and Nassar et al. reported that CeNPs (twice per
week by i.p. injection at a dose of 0.5 mg/kg) attenuated
MCT-induced pulmonary hypertension and associated
right ventricular hypertrophy [32]. While these previ-
ous findings are related to models of group 1 pulmonary
hypertension, whether CeNPs can attenuate hypoxia-
induced pulmonary hypertension, belonging to group 3
pulmonary hypertension, is still unknown.

The catalytic activities of CeNPs depend on the redox-
oxidation cycle between Ce®" and Ce**, however the
reduction process from Ce*" to Ce®" is energetically
impeded, which limits the antioxidant capability of
CeNPs [33, 34]. Thus, in this study, we introduced gold
(Au) nanocore to ceria nanoparticles, being named
AuCeO, nanoparticles (AuCeNPs), to enhance the elec-
tron transfer and accelerate the reduction rate of Ce**
for strengthening the enzymatic catalytic activities [35].
We administered AuCeNPs to rats through nebulized
inhalation to increase their lung bioavailability, and we
comprehensively evaluated the effects of AuCeNPs on
hypoxia-induced pulmonary hypertension in both pre-
ventive and therapeutic protocols.
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Methods

Ethical approval

All procedures performed in animals were approved by
the Institutional Animal Care and Use Committee of
Tongji Medical College, Huazhong University of Science
and Technology, and according to the guidance of the
National Institutes of Health. Hemodynamics was moni-
tored in rats after anesthesia by intraperitoneal injection
of pentobarbital sodium at a dose of 30 mg/kg [36, 37].
Euthanasia was performed using pentobarbital injection
(180 mg/kg, IP).

Materials

Chloroauric acid (HAuCl,.4H,0), riboflavine, L-methio-
nine, nitrotetrazolium blue chloride (NBT) and were pur-
chased from Aladdin Industrial Corporation (Shanghai,
China). Cerium nitrate hexahydrate [Ce(NO;);.6H,0],
ammonia solution (25%~28%) and hydrogen per-
oxide (H,O, 30%) were provided by Sinopharm
Chemical Regent Co., Ltd (Shanghai, China). 2,7-Dichlo-
rofluorescin diacetate (DCFH-DA) were purchased from
Sigma-Aldrich (USA). Methylthiazolyldiphenyl-tetra-
zolium bromide (MTT) was purchased from Solarbio
company. Hydrogen peroxide assay kit (Cat No. S0038),
calcein acetoxymethyl ester (Calcein-AM), propidium
iodide (PI) were obtained from Beyotime biotechnol-
ogy company (China). Ultrapure water (18.2 MQ/cm at
25 °C) purified by a Milli-Q system was used throughout
the experiment.

Synthesis of AuCeNPs

AuCeNP was synthesized by a simple hydrothermal
redox reaction as previously reported with little modifica-
tion [38]. Briefly, the HAuCl, solution (0.024 M, 600 uL)
and Ce(NO,); solution (0.1 M, 1.4 mL) were dissolved
in pre-cooled deionized water (50 mL), and freshly pre-
pared ammonia solution (0.313 M, 3 mL) was added into
the mixture solution. Then additional Ce(NO3); solution
(0.0467 M, 3 mL) was immediately added and kept stir-
ring for 15 min. After that, the mixture was added into
10 mL polyvinyl alcohol (1% w/v) and stirred in ice bath
for another 1 h. Finally, the pellet obtained after centrifu-
gation (10,000 g for 40 min at 10 °C) was washed three
times with deionized water and store at 4 °C for later use.

Characterizations

The morphology of AuCeNPs were observed by trans-
mission electron microscopy (JEM-2100 F, Japan).
Energy-dispersive X-ray spectroscopy was performed
with a Xflash 5030 detector (Brucker, Germany). X ray
photoelectron spectroscopy (XPS) was performed on
a Thermo Fisher Scientific K-Alpha using a monochro-
matic Al Ka X ray source. Dynamic light scattering
(DLS) measurements were carried out using Zetasizer



Xiao et al. Journal of Nanobiotechnology (2024) 22:492

Nano series (Malvern 2000, USA). Elemental analysis for
sample determination was performed by an inductively
coupled plasma atomic emission spectrometer (ICP-AES;
iCAP 7000 Series ICP Spectrometer). The OD value of
samples was detected by a multifunctional microplate
reader (Victor Nivo™, USA).

CAT activity assay of AuCeNPs

Hydrogen peroxide assay kit (Cat No. S0038, Beyotime)
was used to evaluate the catalase activity of AuCeNPs.
Briefly, hydrogen peroxide solution (10 mmol/L) was
incubated for 2 h with different concentrations of
AuCeNPs (0-200 pg/mL). Then, the AuCeNPs were
removed by centrifugation and the concentration of
H,0, remaining in the supernatant was detected using
the hydrogen peroxide assay kit. The inhibition rate of
H,0O, was calculated as follows: inhibition (%) = [(A, -A)/
Ayl x 100%, where A, is the absorbance of the solution
without AuCeNPs and A is the absorbance of the solu-
tion with different concentration of AuCeNPs.

SOD activity assay of AuCeNPs

The SOD-like activity of AuCeNPs (scavenging superox-
ide anion) was evaluated using the total superoxide dis-
mutase activity assay kit (Elabscience) according to the
manufacturers’ instruction.

In vitro biocompatibility evaluation of AuCeNPs

HUVEC (1-0025, CHI Biotechnology Co., Ltd, Jiangsu,
CHINA) and PASMC were seeded in 96-well culture
plates (8,000 cells per well) and incubated for 24 h. Then,
the media were replaced with fresh media containing
AuCeNPs (0-200 pg/mL). After 24 h incubation, the
viability of cells in 96-well plates was tested using MTT
assay. The hemolysis assay was performed with previ-
ously reported methods [39].

ROS detection

The detection of ROS in pulmonary artery smooth
muscle cells was performed using the Reactive Oxygen
Species Assay Kit (S0033S, Beyotime) according to the
manufacturer’s instructions. Briefly, after removing the
cell culture medium, 10 pmol/L DCFH-DA was added
to the cells and incubated for 20 min. Cells were washed
three times with serum-free medium and observed
directly with a laser confocal microscope using an excita-
tion wavelength of 488 nm and an emission wavelength
of 525 nm. Each measure was repeated 5 times, and the
fluorescence intensity of each group was counted.

H,0, content detection

The detection of H,O, content in pulmonary artery
smooth muscle cells was performed using the Hydrogen
Peroxide Assay Kit (S0038, Beyotime) according to the
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manufacturer’s instructions. Pulmonary artery smooth
muscle cells were digested from the culture dish with
trypsin and collected into EP tubes, and a part of the
cell suspension was taken for cell counting. The remain-
ing cell suspension was centrifuged at 1,000 g at 4 °C for
10 min, the supernatant was discarded, and the cell pellet
was kept. Lysis buffer (100 uL/10° cells) was added to the
cell pellet, followed by extensive homogenization to pro-
mote the lysis of the cells. The lysate was then centrifuged
at 12,000 g for 5 min at 4 °C, and the supernatant kept for
subsequent analysis. Fifty puL of sample or H,O,, as posi-
tive standard, was added to the well and completed with
100 pL of H,O, detection reagent. After gentle shaking,
the absorbance was measured at a wavelength of 560 nm
after a 30-minuite incubation at room temperature. The
concentration of H,O, in the sample was calculated
according to the standard curve established by an incre-
mental series of H,0, concentration at 1, 3, 10, 30, 100
pumol/L.

Uptake and metabolism of AuCeNPs in vivo

The Sprague Dawley rats were treated with AuCeNPs at a
dose of 0.5 mg/kg by nebulized inhalation and pulmonary
arteries of rats were immediately dissected after nebu-
lized inhalation for transmission electron microscopy to
observe whether AuCeNPs can be delivered to PASMCs.
In addition, the pulmonary arteries of rats were also dis-
sected at different time points after nebulized inhalation
(0, 4, 8, 24, 48, 72, 168 h), digested with aqua regia, and
the gold content was detected by inductively coupled
plasma atomic emission spectrometry (ICP-AES). The
metabolism of AuCeNPs was estimated by the content of
Au element.

Animal model and treatment

Pulmonary hypertension was induced in rats by chronic
hypoxia as we previously reported [40]. Briefly, SD rats
(approximately 200 g) were exposed to 10% O, for 4
weeks in a chamber. The oxygen content in the chamber
was balanced with N,. CeNPs or AuCeNPs was deliv-
ered by nebulized inhalation as described in our previous
report [6] at 0.5 mg/kg [32]. In the preventive model, dur-
ing the four-week period of chronic exposure to hypoxia,
CeNPs and AuCeNPs were delivered by nebulized inha-
lation every other day at a dose of 0.5 mg/kg for a total
of 14 times. In the therapeutic model, during the 5th and
6th weeks of chronic exposure to hypoxia, CeNPs and
AuCeNPs were delivered by nebulized inhalation every
other day at a dose of 0.5 mg/kg for a total of 7 times.

Nebulized inhalation

When preparing for nebulized inhalation, rats were taken
out of a glass chamber for hypoxia (86x66x36 cm®) and
placed in another glass chamber for nebulized inhalation
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(40x40x26 cm®). The CeNPs or AuCeNPs were prepared
at the dose of 0.5 mg/kg body weight, dissolved in 5 mL
sterile saline and pooled into the nebulizer (NE-C25S,
OMRON), which was connected to the glass chamber
for nebulized inhalation. The chamber housed 5 rates
(~280 g/rat) for each atomization, which last for about
15 min. During the nebulized inhalation, the padding was
replaced, and the food and water were replenished in the
glass chamber for hypoxia.

Detailed descriptions regarding to the following meth-
ods have been previously described and are now sup-
plied in the supplement: PASMCs culture [5, 40], [Ca**],
measurement [5, 40], measurement of isometric tension
of PA rings [5, 40], western blot [41], plasma Ca**, blood
routine analysis, liver and renal function, RV and pulmo-
nary morphometry analysis.

Statistical analysis
The experimental results were expressed as mean=*SE.
Normally distributed data was analyzed by Student t
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tests (two groups) and one-way ANOVA (more than two
groups) followed by Student-Newman-Keuls post hoc
multiple groups comparisons. Non-normally distributed
data was analyzed by Mann-Whitney rank sum or Krus-
kal Wallis tests followed by Dunn’s multiple groups com-
parisons. A statistical difference was set at P<0.05.

Results

Synthesis and characterizations of AuCeNPs

The AuCeO, was synthesized by one-step redox reaction
between Ce®" and AuCl,” that produced a purple homo-
geneous suspension in aqueous solution. Transmission
electron microscopy (TEM) showed a uniform distri-
bution of AuCeO, (Fig. 1A). High-resolution transition
electron microscopy (HRTEM) imaging illustrated the
distinct lattice fringes of ceria nanoparticles (0.314 nm)
and gold nanoparticles (0.28 nm). The ceria nanopar-
ticles were stacked around the Au core (7.40 nm), form-
ing a typical core-shell structure (25.50 nm) (Fig. 1A
and C). High-angle annular dark-field (HAADF)-STEM
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Fig. 1 Characterizations of AuCeNPs. TEM (left) and HRTEM (right) images of AuCeO, (A). STEM-EDS elemental mapping images of AuCeO, (scale bar,
50 nm, B). AuCeO, and Au core size distribution histogram (C). XPS of ceria NPs and Au NPs. Ce" peaks at 884.1 and 902.0 eV, Ce*"peaks at 881.6, 887.9,
897.4,900.0,906.5 and 915.8 eV (D-E). Schematic illustrations of CAT and SOD mimicing activity of AuCeNPs (F). H,0O, scavenging ability of AuCeNPs and
commercialized Ceria NPs at different concentrations (G, *** p <0.001, n=3). O, scavenging ability of AuCeNPs and commercialized Ceria NPs at differ-
ent concentrations (H, *** p <0.001, ** p<0.01. * p <0.05, n=3). One-way ANOVA followed by Student-Newman-Keuls for multiple groups comparisons
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combined with energy-dispersive spectroscopy (EDS)
further revealed the spatial distribution of Ce and Au
in the AuCeO, (Fig. 1B), confirming the core-shell
structure of AuCeO,. The Au content in the AuCeO,
was determined to be 9.43 wt% by inductively coupled
plasma-atomic emission spectrometry (ICP-AES). X-ray
photoelectron spectroscopy (XPS) spectra exhibited the
characteristic peaks of Ce and Au on 3d and 4f orbit-
als, respectively (Fig. 1D-E). Specifically, Ce*" (peaks
at 884.1 and 902.0 eV) and Ce*" (peaks at 881.6, 887.9,
897.4, 900.0, 906.5 and 915.8 eV) ions coexisted in the
AuCeO,, where the ratio of Ce3*/Ce** was 0.22 (Fig. 1D).
Due to the low redox potential of Ce>*/Ce*", the Ce ions
can be easily switched in the process of interaction with
reactive oxygen species [35], which ensures the regenera-
tive antioxidant activity of AuCeO, (Fig. 1F). To increase
the colloidal stability, the AuCeO, were encapsulated
with polyvinyl alcohol (PVA, a negatively-charged and
hydrophilic polymer) and the hydrodynamic diameter
and {-potential of the PVA-coated nanoparticles (termed
AuCeNPs) were 47.41 nm and 8.54 mV, respectively
(Fig. S1).

Next, the antioxidant activity of AuCeNPs were stud-
ied by scavenging hydrogen peroxide (H,0O,) and super-
oxide anion (O,"), mimicking CAT and SOD activities
respectively. The commercial ceria nanoparticles (CeNPs,
89.0 nm, Aladdin Industrial Corporation) were set as the
control (Figure S2). We observed that AuCeNPs greatly
scavenged the H,0, and O, in a dose dependent man-
ner (Fig. 1G-H). At the serials concentrations from 40 to
200 pg/mL, the inhibition rates of H,O, and O, were far
higher than those of commercialized ceria nanoparticles
(CeNPs) at the same concentrations (Fig. 1G-H). These
results demonstrate that the AuCeNPs possess higher
CAT- and SOD-mimicking activities than the commer-
cial CeNPs, likely because that AuCeNPs contain higher
contents of Ce>" and possess enhanced electron trans-
fer capability induced by Au nanocore compared with
CeNPs (Figure S2) [35].

AuCeNPs inhibits hypoxia-induced increase of ROS in
pulmonary artery smooth muscle cells
The biocompatibility of AuCeNPs was investigated in
vitro. After exposure to AuCeNPs (25-400 pg/mL) for
24 h, the viability of both human umbilical vein endo-
thelial cells (HUVECs) and pulmonary artery smooth
muscle cells (PASMCs) was unchanged in comparison
with the untreated group (Fig. 2A). Moreover, the hemo-
lysis activity of AuCeNPs was less than 5%, even at the
higher tested concentration of 500 pg/mL (Fig. 2B).
These results demonstrate the good biocompatibility of
AuCeNPs in vitro.

Whether AuCeNPs can scavenge reactive oxygen spe-
cies (ROS) by mimicking the CAT and SOD in PASMCs
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was then explored. Twenty-four hours of hypoxia
induced a significant increase in ROS content in PASMCs
and AuCeNPs (10 pg/mL) significantly inhibited the
hypoxia-induced increase of ROS content in PASMCs
(Fig. 2C-D) while unmodified CeNPs did not decrease
ROS levels. AuCeNPs did not show any effect on the ROS
content in PASMCs under normoxia (Fig. 2C-D). A simi-
lar phenomenon was also observed for H,O, concentra-
tion in PASMCs: 24 h of hypoxia induced a significant
increase of H,O, content in PASMCs compared with
the normoxia group (1.73£0.09 mmol/g protein, n=9,
p<0.001 versus 0.64+0.04 mmol/g protein for normoxia;
Fig. 2E). AuCeNPs significantly reduced hypoxia-induced
increase of H,0O, in PASMC, to a greater extent than with
unmodified CeNPs, as compared with the hypoxic condi-
tion without AuCeNPs (0.77%0.05 mmol/g protein, n=9,
»<0.001 versus 1.7310.09 mmol/g protein for hypoxia;
Fig. 2E). Similarly, AuCeNPs had no significant effect on
the concentration of H,0, in PASMCs under normoxia
(0.59£0.03 mmol/g protein, n=9, Fig. 2E).

AuCeNPs blunts hypoxia-induced increase of intracellular
calcium concentration and proliferation of pulmonary
artery smooth muscle cells

In order to explore the effect of AuCeNPs on the intra-
cellular calcium concentration ([Ca?']) in PASMCs
cultured under normoxia or hypoxia, we used the fluores-
cence intensity ratio of fura 2-AM under excitation light
of 340 nm and 380 nm to reflect the [Ca’*], as we previ-
ously reported [5, 6, 40, 42, 43]. We found that the [Ca**],
in PASMCs exposed to 1% O, for 48 h was significantly
increased (fura 2-ratio=4.54%0.20, n=15 cells from 5
independent experiments, p<0.001 versus 2.83%0.19 for
normoxia, Fig. 3A-C). AuCeNPs, in contrast to CeNPs,
significantly inhibited the increase of [Ca®]; induced
by hypoxia in PASMCs (3.6210.17, n=14 cells from 5
independent experiments, p<0.05 versus 4.54%0.20 for
hypoxia, Fig. 3C). AuCeNPs had no effect on the [Ca**];
in PASMCs under normoxic state (Fig. 3C).

To explore whether AuCeNPs can inhibit hypoxia-
induced PASMCs proliferation, a CCK-8 assay was
employed. Exposure to 1% O, for 24 h stimulated a rapid
growth of PASMCs (178.64+6.62%, n=5, p<0.001 ver-
sus 100.00+£2.23% for normoxia, Fig. 3D). AuCeNPs,
but not CeNPs, significantly inhibited this hypoxic pro-
liferation response (124.88+6.26%, n=5, p<0.001 versus
178.6416.62% for hypoxia; Fig. 3D). However, AuCeNPs
had no effect on PASMCs growth under normoxia
(Fig. 3D).

AuCeNPs attenuates hypoxic pulmonary vasoconstriction

In order to explore whether AuCeNPs influences hypoxic
pulmonary vasoconstriction, we studied the tension
of isolated vascular rings. In pulmonary artery (PA)
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Fig. 2 AuCeNPs inhibits hypoxia-induced increase of ROS in pulmonary artery smooth muscle cells (PASMCs). Cell viability (%) of PASMCs and HUVECs
(A) treated with AuCeNPs. Hemolysis activity of AuCeNPs (B). Representative images of DCFH-DA fluorescence in PASMCs (C). Histograms of DCFH-DA
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ANOVA followed by Student-Newman-Keuls for multiple groups comparisons

rings with removed endothelium, hypoxia significantly
increased the tension even greater than 28% of the 80
mmol/L K* (KCl-physiological saline solution)-induced
tension (28.32+1.22% and 28.39+0.96% for the first and
second stimuli respectively; Fig. 4A and D). AuCeNPs
(10 pg/mL) attenuated hypoxia-induced constriction
to 12.13+£0.65% (n=3, p<0.001, Fig. 4C and D), while
CeNPs had no effect.

AuCeNPs prevents and reverses hypoxia-induced
pulmonary hypertension in rats

Collectively, the above-mentioned results show that
AuCeNPs inhibited hypoxia-induced ROS and [Ca*'],
increase in PASMCs, PASMCs proliferation, and pulmo-
nary vasoconstriction. Here, we further explored whether
AuCeNPs can attenuate pulmonary hypertension
induced by hypoxia “in vivo” in both preventive (Fig. 5)
and therapeutic models (Fig. 6).
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(PASMCs). Representative traces of fura 2-AM fluorescence intensity ratio under 340 nm and 380 nm excitation light in pulmonary artery smooth muscle
cells (PASMCs) under normoxia (A) and hypoxia (B). Histograms of fura 2-AM fluorescence intensity ratio under 340 nm and 380 nm excitation light in
PASMCs (C, ***p < 0.001, *p <0.05, n=10-17 cells from 5 independent experiments) and PASMCs proliferation (D, ***p <0.001, **p <0.01, n=5). One-way

ANOVA followed by Student-Newman-Keuls for multiple groups comparisons

In order to improve selective targeting of lung tissue,
AuCeNPs were administered to rats by nebulized inhala-
tion at a dose of 0.5 mg/kg. To confirm whether AuCeNPs
can be delivered to PASMCs through this approach, the
pulmonary artery smooth muscle layer of rats was sepa-
rated and used for gold immunoelectron microscopy at
the end of nebulized inhalation. We found that the parti-
cles were clearly identified in PASMCs (Figure S3A), indi-
cating that AuCeNPs were successfully locally delivered
to PASMCs. We then examined the kinetic distribution
of AuCeNPs in pulmonary arteries. After nebulized inha-
lation of AuCeNPs, the pulmonary arteries of rats were
separated at different time points, digested with aqua
regia and the content of Au was detected by inductively
coupled plasma atomic emission spectrometry (ICP-
AES). We found that the half-life of AuCeNPs was about
48 h (S3B). The frequency of AuCeNPs administration
was thus determined to be once every other day.

Figure 5A shows our experimental procedure to
address the impact of AuCeNPs administrated in a pre-
ventive mode by nebulized inhalation (every other day
at a dose of 0.5 mg/kg) from the first day of hypoxia
exposure. AuCeNPs significantly reduced parameters
of pulmonary hypertension: (i) mean pulmonary artery
pressure (mPAP, from 26.62+0.90 to 18.01+1.42 mmHg,

p<0.001, Fig. 5B), (ii) pulmonary vascular resistance
(PVR, from 279.60£25.94 to 177.01£21.03 mmHgL/
min, p<0.01, Fig. 5C), (iii) right ventricular hypertrophy
(RV/(LV+S), from 0.38+£0.01 to 0.32£0.01, p<0.001,
Fig. 5D) and pulmonary vascular remodeling (thickness
from 54.23£3.76% to 41.36+1.36%, p<0.001, Fig. 5F-G).
In contrast, hypoxic rats receiving commercial CeNPs
did not show any improvement and both CeNPs and
AuCeNPs did not show any effect on mean systemic arte-
rial pressure (mSAP, Fig. 5E). Hypoxia induced significant
increases in MDA and 8-OHdG in pulmonary arteries
of rats, and AuCeNPs, rather than CeNPs, significantly
reduced the increase in MDA and 8-OHdG (Fig. 5H-I).
Figure 6A shows our experimental procedure to
address the impact of AuCeNPs administrated in a thera-
peutic mode when nebulized by inhalation (every other
day at a dose of 0.5 mg/kg) from the fifth week of hypoxia
exposure. The administration of AuCeNPs signifi-
cantly reduced parameters of pulmonary hypertension
induced by hypoxia: (i) mean pulmonary artery pressure
(mPAP, from 32.5214.09 to 24.38+3.10 mmHg, p<0.05,
Fig. 6B), (ii) pulmonary vascular resistance (PVR, from
344.43+40.89 to 206.69+23.49 mmHgL/min, p<0.01,
Fig. 6C), (iii) right ventricular hypertrophy (RV/(LV+S),
from 0.61+0.03 to 0.40+0.03, p<0.001, Fig. 6D) and
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Fig. 4 AuCeNPs attenuates hypoxic pulmonary vasoconstriction. Isometric tension of endothelium removed pulmonary artery (PA) rings preconstricted
by phenylephrine (PE) in response to acetylcholine (Ach) and two sequential episodes of hypoxia (hy1 and hy2) followed by a final exposure of 80 mM
K* (KCl physiological salt solution (KPSS) in the presence of the vehicle (A), CeNPs at 10 ug/mL (B) or AuCeNPs at 10 ug/mL (C) added during the second
episode of hypoxia (hy2), normalized to the tension induced by KPSS (***p <0.001, *p <0.05, n=3, D). One-way ANOVA followed by Student-Newman-

Keuls for multiple groups comparisons

pulmonary vascular remodeling (thickness from
60.40£1.03% to 43.21+£0.43%, p<0.001, Fig. 6F-G). In
contrast, hypoxic rats receiving CeNPs without Au modi-
fication did not show any improvement except for right
ventricular hypertrophy. Both CeNPs and AuCeNPs did
not show any effect on mean systemic arterial pressure
(mSAP, Fig. 6E). Hypoxia induced significant increases
in MDA and 8-OHdG in pulmonary arteries of rats, and
AuCeNPs, rather than CeNPs, significantly reduced the
increase in MDA and 8-OHdG (Fig. 6H-I).

In addition, liver and kidney function, plasma Ca>"
level, and other blood biological parameters of rats in
preventive and therapeutic protocols remained unaf-
fected by the administration of AuCeNPs (Figs.S4-S7),
indicating its good biological safety.

Mechanism underlying the benefits of AuCeNPs is related
to the extracellular calcium-sensing receptor

The molecular mechanisms underlying the benefits of
AuCeNPs were investigated in isolated PASMCs from
rats included in the therapeutic experimental proce-
dure. Specifically, we measured [Ca”']; level and evalu-
ated the activity and expression level of the extracellular

calcium-sensing receptor (CaSR), an important mediator
of pulmonary hypertension as revealed in recent stud-
ies including from our lab [5, 6, 40, 42—44]. We found
that hypoxia caused a significant increase of [Ca’'],
(fura 2-ratio=5.2910.37 versus 3.02+0.35, Fig. 7A
and D), CaSR activity (fura 2-ratio=10.64+0.67 versus
2.9310.31, Fig. 7A and D) and CaSR expression (1.95-
fold versus normoxia, Fig. 7E and F) in PASMCs. More-
over, while unmodified CaNPs did not show any benefits
(Fig. 7B and D), the administration of AuCeNPs reversed
hypoxia-induced increase of [Ca’']; (3.83£0.29 versus
5.29%0.37, Fig. 7A, C and D), CaSR activity (5.72+0.33
versus 10.64+0.67, Fig. 7A, C and D) and CaSR expres-
sion (1.05-fold versus 1.95-fold for hypoxia, Fig. 7E and
F). Both CeNPs and AuCeNPs did not affect any of these
parameters under normoxia (Fig. 7A-D).

Discussion

Our previous studies have shown that hypoxia induces
pulmonary hypertension by an increase in mitochon-
dria-derived reactive oxygen species [6]. In this study, we
used AuCeNPs to scavenge excessive ROS production
under hypoxic conditions, a phenomenon that comes
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Fig. 5 AuCeNPs prevents hypoxia-induced pulmonary hypertension. The experimental schematic to evaluate the effect of AuCeNPs on hypoxic pulmo-
nary hypertension in preventive mode (A). Changes in parameters including mean pulmonary artery pressure (mPAP, B), pulmonary vascular resistance

(PVR, ©), right ventricle hypertrophy (RV/[LV+S], D

), mean systemic arterial pressure (mSAP, E), representative HE staining (F) and pulmonary vascular wall

thickness (pulmonary arteries with diameter 50-100 um, G) in rats, and malondialdehyde (MDA, H), 8-hydroxydeoxyguanosine (8-OHdG, I) in pulmonary
arteries of rats treated with vehicle, CeNPs or AuCeNPs under normoxic or hypoxic conditions. n=5 rats in each group, ***p <0.001, **p <0.01, one-way
ANOVA followed by Student-Newman Keuls. LV+S indicates left ventricle plus septum
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Fig. 6 AuCeNPs reverses hypoxia-induced pulmonary hypertension. The experimental schematic to evaluate the effect of AuCeNPs on hypoxic pulmo-
nary hypertension in therapeutic mode (A). Changes in parameters including mean pulmonary artery pressure (mPAP, B), pulmonary vascular resistance
(PVR, ©), right ventricle hypertrophy (RV/[LV +S], D), mean systemic arterial pressure (mSAP, E), representative HE staining (F) and pulmonary vascular wall
thickness (pulmonary arteries with diameter 50-100 um, G) in rats, and malondialdehyde (MDA, H), 8-hydroxydeoxyguanosine (8-OHdG, I) in pulmonary
arteries of rats treated with vehicle, CeNPs or AuCeNPs under normoxic or hypoxic conditions. n=5 rats in each group, ***p <0.001, **p<0.01, *p < 0.05,
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Fig. 7 Mechanisms underlying the benefits of AuCeNPs related to the extracellular calcium-sensing receptor. The representative trace and summarized
responses of [Caz*]‘ in pulmonary artery smooth muscle cells (PASMCs) isolated from therapeutic model rats (A-D), the representative Western Blot
and densitometric levels of extracellular calcium-sensing receptor (CaSR) in PASMCs isolated from therapeutic model rats (E-F). ***p <0.001, **p<0.01,
*p<0.05, [Ca®*], of 12-14 PASMCs from 3 independent rats for each group, one-way ANOVA followed by Student-Newman-Keuls

with a reduction of (i) CaSR activation, (i) [Ca®*], (iii)
the proliferation of PASMCs and (iv) hypoxic pulmo-
nary vasoconstriction, ultimately preventing and treating
hypoxia-induced pulmonary hypertension.

Due to the large number of reaction sites, CeNPs have
persistent antioxidant activity. This is the main difference
between classic antioxidants and CeNPs. While usual
antioxidants are rapidly oxidized or metabolized, CeNPs
maintain their antioxidant effects [45]. In this study, we
synthesized a nanozyme (AuCeNPs) with a greater enzy-
matic activity than commercial unmodified CeNPs by
wrapping Au nanoparticles in the center of CeNPs. As
shown in Fig. 1, the efficiency of CeNPs in scavenging
reactive oxygen species is, however, limited even at high
concentration, its efficacy at 200 pug/mL is much lower
than AuCeNPs at 40 pg/mL. In terms of CAT or SOD
activities, the catalytic activity of AuCeNP at 40 pg/mL

is 3.1 and 2.1 times higher, respectively, than CeNP used
at a higher dose of 200 ug/mL. The EC50 of AuCeNPs is
74.8 pg/mL (CAT) and 146.2 pg/mL (SOD), while EC50
for CeNPs is 43- and 17-times higher (CAT and SOD,
respectively).

For nanomaterials, catalytic activity is related to the
exposed catalytic active sites. When the size of nanopar-
ticles decreases and the specific surface area increases,
the exposed catalytic active sites will be expected to
increase [46, 47]. The size of nanomaterials has also an
impact on their absorption. When the size of nanopar-
ticles is small, they can be more easily uptake [48].

In this study, the TEM size of CeNPs was 89 nm, while
the TEM size of AuCeNPs was around 30 nm. The spe-
cific surface area of AuCeNPs was larger than that of
CeNPs, and AuCeNPs are smaller in size. The size of
nanoparticles can affect their uptake. The smaller the size
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of the nanoparticles, however, does not guarantee the
better their absorption. Win et al. investigated the uptake
of nanoparticles with different diameters in Caco-2 cells
and found that nanoparticles with a size of 100 nm were
the most uptake, while nanoparticles with a size higher
or lower than 100 nm were lower in uptake than those
with a size of 100 nm [49]. Lu et al. reported that silica
nanoparticles with a size of 50 nm were the most uptake
by cells and the amount of cellular uptake of nanoparti-
cles with a size greater than or less than 50 nm is lower
than that of nanoparticles with a size of 50 nm [50].
Chithrani et al. reported that among the three types of
cells STO, HELA, and SNB19, Gold Nanoparticles with
a diameter of 50 nm had the highest uptake, while Gold
Nanoparticles with sizes below 50 nm and above 50 nm
had lower uptake than Gold Nanoparticles with sizes of
50 nm [51]. Ding et al. reported that among the three
types of cells, 7721, GES-1, and 4T1, Gold nanoparticles
with a diameter of 80 nm had the highest uptake, while
Gold nanoparticles with a size less than 80 nm had lower
uptake than Gold nanoparticles with a size of 80 nm[52].
It seems that an optimal size actually facilitates the better
uptake of nanoparticles.

Regarding the influence of shape on the uptake of
nanoparticles, Ding et al. reported that there was no sig-
nificant difference in the absorption of spherical nano-
materials and nanostar (irregular shape) nanoparticles
with the same diameter in the three types of cells (7721,
GES-1, and 4T1) [52]. Manzanares et al. reported that
there is currently no general agreement on whether the
nanoparticles shape (sphere-like, cylinders, ellipses, rods,
or disks) affects their uptake [53].

To investigate whether there is a difference in the
uptake of CeNPs and AuCeNPs in lung tissue and pulmo-
nary artery in the current study, we measured the Ce ele-
ment content in lung tissue and pulmonary artery of rats
receiving CeNPs and AuCeNPs (nebulized inhalation)
using ICP-MS. Our supplementary experiments found
no difference in Ce uptake by the lung tissue and pul-
monary arteries of rats receiving CeNPs and AuCeNPs
(Fig. S9).

The main reason for the enhanced catalytic activity of
AuCeNPs is the increase in Ce*"/Ce** and the accelera-
tion of electron transfer by the introduction of Au. The
reason is that in our previous study [35], we synthe-
sized two CeNPs (3—4 nm) with sizes much smaller than
AuCeNPs (~30 nm), which have a larger specific surface
area than AuCeNDPs, but their catalytic activity is still
lower than that of AuCeNPs [35] as also shown Figure
S10. So the size difference between CeNPs and AuCeNPs
is not the main factor affecting their catalytic activity. The
strong catalytic activity exhibited by AuCeNPs avoids
simply increasing the dosage to enhance antioxidant
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activity, as they will aggregate and exhibit toxicity as the
dosage increases, ensuring the safety of the application.

The biological safety of CeNPs in rodents through dif-
ferent administration routes has been previously evalu-
ated and the toxicity was dose-dependent [45, 54, 55].

Ma et al. reported that exposure of rats to CeO, (at
the doses of 0.15, 0.5, 1, 3.5, and 7 mg/kg) caused lung
inflammation and toxicity [54]. Another study by Ma et
al. reported that a single intratracheal infusion of CeO,
in rats, at a dose of 3.5 mg/kg, induced the production of
fibrosis mediators [55].

In our in vivo study, AuCeNPs were nebulized at a
dose of 0.5 mg/kg for four weeks in the prevention pro-
tocol or two weeks in the treatment protocol and we
did not observe any side effects on plasma Ca*' level,
safety blood parameters and liver and renal functions
(Figs. $4-S7).

In Ma et al’s study, CeNPs were reported to be toxic
even at low doses, possibly consequently to the aggre-
gation of CeNPs administered through airway infusion
[54, 55]. CeNPs have been reported to promote oxida-
tion rather than anti-oxidation in the aggregated state
[56—-58], which means that once CeNPs aggregate, they
will exert a toxic effect. In addition, CeNPs aggregation
increases exponentially with increasing concentration
[45]. The strong catalytic activity exhibited by AuCeNPs
avoids simply increasing the dosage to enhance antioxi-
dant activity, as they will aggregate and exhibit toxicity as
the dosage increases, ensuring the safety of the applica-
tion. We administered AuCeNPs through nebulized inha-
lation to ensure their uniform and targeted reach to the
lungs in a non-aggregated form, so as to prompt them to
exert antioxidant effects instead of toxic effects. In addi-
tion, the efficiency of nebulized drug delivery to the lungs
is about 10% [59-61]. Therefore, considering the dilu-
tion factor, the remaining concentration is approximately
0.05 mg/kg, which is a very safe dose [45].

While the ROS scavenging effect of AuCeNPs in pul-
monary artery smooth muscle cells (PASMCs) under
hypoxia is highly efficient, the nanoparticles did not exert
any effect on ROS content in pulmonary artery smooth
muscle cells under normoxia. This may be due to the
low ROS concentration found in cells under normoxia
and a limited activity at low doses of reactants (reaction
species).

Although we examined both the preventive and thera-
peutic potential of AuCeNPs in pulmonary hypertension
induced by chronic hypoxia in rats (reproducing group 3
pulmonary hypertension), we haven't examined its ben-
efits in other types of pulmonary hypertension such as
pulmonary arterial hypertension (group 1 pulmonary
hypertension), pulmonary hypertension due to left heart
disease (group 2 pulmonary hypertension) and chronic
thromboembolic pulmonary hypertension (group 4
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pulmonary hypertension). Additionally, we haven’t deter-
mined the optimal dosage and the possible long-term
side effects on other organs and tissues. All these limi-
tations warrant additional studies in the future as well
as the inclusion of both sexes to evaluate potential sex-
dependent differences of such therapeutic strategy.

In conclusion, AuCeNPs can not only prevent but
also effectively treat hypoxia-induced pulmonary hyper-
tension. The potential underlying mechanism invloves
reduction of enhanced CaSR activity and expression in
pulmonary artery smooth muscle cells following ROS
scavenging. This nanoenzyme provides a new transla-
tional preventive and treatment approach for pathologies
associated with hypoxic pulmonary hypertension.

Conclusions

Currently, there is no medication available for the treat-
ment of group 3 pulmonary hypertension which is asso-
ciated with chronic lung disease and/or hypoxia. The
modification of ceria nanozyme or nanoparticle (CeNPs)
with Au (AuCeNPs) greatly increased its activity for
scavenging reactive oxygen species. A small dose of
AuCeNPs significantly attenuated hypoxia-induced pul-
monary hypertension without showing any obvious side
effect(s). AuCeNPs may provide a safe and reliable trans-
lational approach for the treatment of group 3 pulmonary
hypertension.
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CeNPs Cerium oxide nanozyme or nanoparticles
AuCeNPs  Wrapping Au in the center of cerium oxide nanoparticles
CaSR Extracellular calcium-sensing receptor
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HRTEM High-resolution transition electron microscopy
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