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ABSTRACT

A detrimental feedback loop between hypoxia and oxidative stress consistently drives macrophage polarization
toward a pro-inflammatory M1 phenotype, thus persistently aggravating rheumatoid arthritis (RA) progression.
Herein, an enzyme-catalyzed nanoplatform with synergistic hypoxia-relieving and reactive oxygen species
(ROS)-scavenging properties was developed using bovine serum albumin-bilirubin-platinum nanoparticles (BSA-
BR-Pt NPs). Bilirubin was employed to eliminate ROS, while platinum exhibited a synergistic effect in scavenging
ROS and simultaneously generated oxygen. In mice RA model, BSA-BR-Pt NPs treatment exhibited superior ef-
fects, resulting in significant improvements in joint inflammation, cartilage damage, and bone erosion, compared
to methotrexate, the most widely used antirheumatic drug. Mechanistically, RNA-sequencing data and experi-
mental results elucidated that BSA-BR-Pt NPs induced a re-polarization of hypoxic M1 macrophages to M2
macrophages via switching glycolysis to oxidative phosphorylation through the inhibition of HIF-1a pathway.
Collectively, this research for the first time elaborated the underlying mechanism of enzyme-catalyzed nano-
platform in orchestrating macrophage polarization, and identified a novel therapeutic strategy for RA and other

inflammatory disorders.

1. Introduction

Rheumatoid arthritis (RA) represents the most common type of
chronic inflammatory arthritis that impacts approximately 1 % of the
global population, resulting in enduring synovial inflammation, carti-
lage degeneration and bone erosion. Several novel therapeutic strate-
gies, including gay therapy, have been developed for RA treatment. Gas
therapy has shown promise in effectively modulating the RA microen-
vironment, attenuating inflammation, and promoting bone repair, due
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to its notable therapeutic efficacy, low systemic adverse effects, and
excellent biosafety profile [1-3]. While the precise pathophysiological
mechanisms of RA remain incompletely elucidated, inflammation of the
synovial lining within the joints is a central feature [4]. Although the
advent of targeted antirheumatic drugs has notably improved the clin-
ical outlook in RA patients [5], approximately 40 % of RA patients fail to
response to a single agent, and up to 20 % do not respond to any
treatment currently available [6]. Thus, a thorough comprehension of
RA pathogenesis will be imperative for addressing the variability of the
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disease and overcoming these persistent challenges.

Synovial hypoxia and oxidative stress, triggered by insufficient ox-
ygen supply and excessive reactive oxygen species (ROS) accumulation,
were involved in macrophage polarization during the progression of RA
[7,8]. Synovial hyperplasia, angiogenesis, and leukocyte extravasation
leads to the conversion of the typical synovium into an invasive pannus.
The resultant dysregulated microvascular architecture contributes to
inadequate oxygen delivery to the synovium, exacerbating the hypoxic
environment due to the heightened metabolic activity of the expanding
synovial pannus. Hypoxic conditions promoted the accumulation of
ROS, identified as crucial pro-inflammatory mediators, thereby exacer-
bating the progression of RA through enhanced oxidative stress [9]. This
phenomenon resulted in the migration of pro-inflammatory
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M1-polarized macrophages from blood to inflamed synovial tissue,
consequently increasing oxygen demand and aggravating hypoxia [10,
11]. These findings indicated the detrimental feedback loop between
hypoxia and oxidative stress played a critical role in aggravating RA
development.

It was well-established that the hypoxia-inducible factor (HIF),
known as the primary regulator of oxygen homeostasis, was observed to
be upregulated in RA synovial tissue [12]. Increased levels of HIF-1a
were found to stimulate the transcription of glycolytic enzymes, leading
to an elevation in glycolytic rate and a subsequent reduction in oxidative
phosphorylation (OXPHOS) [10]. This shift towards glycolysis favored
the development of an M1-polarized macrophage phenotype, as opposed
to M2 macrophage polarization [13]. Furthermore, it was evident that
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Scheme 1. Schematic depiction of BSA-BR-Pt NPs preparation and therapeutic mechanism against rheumatoid arthritis. The enzyme-catalyzed nanoplatform with
synergistic O,-generating and ROS-scavenging properties reprograms hypoxic M1 macrophages towards M2 via modulating metabolic pathway from glycolysis to
oxidative phosphorylation through the HIF-1a pathway. Ultimately, this reprogramming attenuates synovitis, aberrant angiogenesis, cartilage degeneration, and

bone erosion, providing a comprehensive treatment approach for RA.
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increased ROS level of hypoxic synovium facilitated the polarization of
M1 macrophages through decreased OXPHOS in RA patients [14,15].
Taken together, promoting the polarization of hypoxic M1 macrophages
towards M2 through the inhibition of glycolysis and the enhancement of
OXPHOS may hold promise as a potential target for RA treatment.

Herein, based on reprogramming hypoxic M1 macrophage polari-
zation strategy against RA, we synthesized a kind of enzyme-catalyzed
nanoplatform with synergistic hypoxia-relieving and ROS-scavenging
properties (Scheme 1). Compared to other reported references, these
bilirubin-based nanoparticles were formed through physical interaction
rather than chemical bond, featuring green synthesis process and easy
drug release [16,17]. Moreover, bilirubin nanoparticles exhibit a
favorable safety profile and have been extensively utilized in the treat-
ment of various chronic and acute inflammatory diseases [18]. Platinum
had been used as as oxygen-generating nanozyme owing to its
cost-effectiveness, excellent stability, and ability for large-scale pro-
duction [19,20]. The nanoplatform was consequently composed of
bovine serum albumin-bilirubin-platinum nanoparticles (BSA-BR-Pt
NPs). Bilirubin was incorporated to eliminate ROS, while platinum acted
synergistically with bilirubin to scavenge ROS (specifically hydrogen
peroxide) and generate Oy simultaneously. Our findings showed
BSA-BR-Pt NPs effectively generated oxygen and synergistically scav-
enged ROS in vitro. Strikingly, superior therapeutic effects were
observed in the knee and ankle joint of RA mice with BSA-BR-Pt NPs
treatment when compared to methotrexate. Through RNA-sequencing
analysis and subsequent findings, we have conclusively demonstrated
that BSA-BR-PtS NPs induced a shift from hypoxic M1 macrophages to
M2 macrophages by modulating glycolysis towards OXPHOS via the
HIF-1a pathway. Our research identified a promising therapeutic strat-
egy for RA utilizing an enzyme-catalytic nanoplatform, and elucidated
its underlying mechanism in the treatment of RA. The exploration of this
work is expected to provided positive promotion for the clinical relance
and translational of such nanomaterials.

2. Materials and methods
2.1. Materials

Bilirubin (BR, 99 %) was brought from Maclin (Shanghai, China).
Bovine serum albumin (BSA, >98.0 %), chloroplatinic acid solution (8
wt% in H0), copper chloride anhydrous (CuCly, 98 %), reducing
glutathione (GSH), and methylene blue (MB) were brought from
Aladdin (Shanghai, China). Hydrogen peroxide (H203, 30 %) was
brought from Chuandong Chemical Co., Ltd. (Chongqing, China).
Hydrogen peroxide detection kit was brought from Beyotime (Shanghai,
China).

2.2. Preparation of BSA-BR-Pt NPs

Firstly, BSA (23.8 mg/mL, 1 mL), H,0 (45.6 mL), and BR (1 mg/mL
in 0.01 M NaOH solution, 1 mL) were added to a reaction vessel, and the
reaction was ended after stirring for 2.5 h. Then, the BSA-BR nano-
particles (NPs) were purified by dialysis (1 L/time, two times in PBS and
one time in DI water) for 24 h, and further by centrifugation at 3000 rpm
for 5 min. These obtained BSA-BR NPs were stored at —4 °C for further
use.

Then, BSA-BR NPs (1 mg/mL, 10 mL) and HyPtClg (10 mg/mL, 0.2
mL) were added to a reaction vessel at the mass ratio of 1:0.2. After
mixing for 0.5 h, NaBH,4 solution (0.5 mg/mL, 0.876 mL) was added into
the mixture with the molar ratio of n(H,PtClg) and n(NaBH,) at 1:3. The
reaction was ended after stirring for 2 h. The mixture was purified by
dialysis for 24 h (1 L/time, two times in DI water) and further by
centrifugation at 3000 rpm for 5 min. These obtained BSA-BR-Pt NPs
were stored at —4 °C for further use.
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2.3. Analysis of eOH clearance capacity

Briefly, CuCl; (2 mg/mL, 1 mL), GSH (20 mM, 1 mL), and PBS (7.4,
1x, 8 mL) were mixed and stirred for 12 h. Then, MB (0.05 mg/mL, 0.5
mL), BSA-BR NPs (final concentrations at 0 ppm, 50 ppm, 100 ppm, 200
ppm, and 400 ppm, respectively), HoO2 (20 mM, 1 mL) were added
sequentially to the mixture. After that, the mixture (1 mL) was centri-
fuged at different time points (5 min, 1 h, 2 h, and 4 h), and the su-
pernatant was detected by UV-Vis-NIR spectrophotometer at 664 nm.

2.4. Analysis of H203 clearance capacity

Different concentrations of BSA-BR NPs and BSA-BR-Pt NPs were
added to 200 pM H50, solution under vortexing. The mixture (1 mL)
was centrifuged to collect the supernatant after shaking at 37 °C for 1 h.
Subsequently, a hydrogen peroxide detection kit was used to estimate
the Hy0; levels.

2.5. O generation analysis

Different concentrations of BSA-BR-Pt NPs were added to HyO5 so-
lution. The blends were enclosed and agitated in a water bath at a
temperature of 37 °C.The fluctuations in dissolved oxygen levels were
monitored using an oxygen meter from Ohaus.

2.6. Cell preparation and stimulation

Bone marrowderived macrophages (BMDMs) were isolated from the
bone marrow of 6-8-week-old male C57BL/6J, as previously described
[21]. Hypoxic conditions were induced by Oxoid AnaeroGen system for
24 h (#ANO0025A, Thermo Fisher Scientific, Basingstoke, United
Kingdom). Inflammatory stimulation was achieved by treating the
BMDMs with 500 ng/mL lipopolysaccharide (LPS) for 24 h (LPS,
#HY-D1056, MedChemExpress, Shanghai, China). Following hypoxia
and inflammation induction, the BMDMSs were treated with BSA, BSA-BR
NPs, and BSA-BR-Pt NPs after 12 h.

2.7. Animals and collagen-induced arthritis (CIA) model

Male DBA/1J mice, 7-8 weeks old and weighing 20 + 2 g, were
purchased from GemPharmatech (Nanjing, China), and kept in a clean
and sterile environment with free access to food and water. The animal
experiments were authorized by the Animal Experimental Committee of
the Daoke Pharmaceutical Technology (Guangdong) Co., Ltd (Approval
IACUC-DK-2024-04-22-01) and carried out in accordance with the reg-
ulations outlined in the National Law on Experimental Animal Utiliza-
tion (People’s Republic of China).

According to a prior study, we established the CIA mice model [22].
Briefly, two mixtures were formed by blending 2 mg/mL bovine type II
collagen with an equivalent amount of Complete Freund’s Adjuvant (for
mixture A) or Incomplete Freund’s Adjuvant (for mixture B) and stirring
for a night in a cold water bath. The mice were injected subcutaneously
with 0.1 mL of mixture A via the tail on day 0. A booster injection of
mixture B was administered on day 21. The mice were monitored at
three-day intervals to track the progression of arthritis. Forty-eight male
DBA/1J mice were divided into six groups, each consisting of eight mice:
sham, PBS, BSA (200 ppm of BSA), BSA-BR NPs (200 ppm of BSA-BR
NPs), BSA-BR-Pt NPs (200 ppm of BSA-BR-Pt NPs), and MTX (5 pg
MTX in 10 pL PBS) group. Subsequent to the establishment of the CIA
model, the mice were subjected to intra-articular injections of various
substances in a 10 pL volume both in knee joints and ankle joints once
weekly over a period of 6 weeks. After 60 days post initial immuniza-
tion, the mice were euthanized and their knee joints were collected for
micro-CT scanning and subsequent histological examination.
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2.8. ROS scavenging activity assay and intracellular H>O, assay

BMDMs were seeded in 24-well dishes with a cell density of 1 x 10°
cells per well and then exposed to a combination of LPS and hypoxia
(LH). After incubating the fells for 12 h, they were exposed to 200 ppm
of BSA, BSA-BR NPs and BSA-BR-Pt NPs for another 12 h. Then, 10 pM of
DCFH-DA from a kit for detecting reactive oxygen species (#S0033S,
Beyotime Biotechnology, Shanghai, China) was introduced and allowed
to incubate for 30 min. The cells were then visualized using fluorescent
microscopy (Olympus).

Hydroxyl radical (eOH) assay was performed on BMDMs following
the described treatment protocol. Briefly, the BBoxiProbe® Hydroxyl
Radical Detection Kit (#BB-460622, BestbBio, China) was used to
indicate intracellular eOH levels utilizing a specific red fluorescent
probe BBoxiProbe® 028, following the manufacturer’s guidelines.
Subsequently, the cells were visualized using fluorescent microscopy
(Olympus).

To evaluate the intracellular HyO5 concentration, the BBoxiProbe®
Hydrogen Peroxide Detection Kit (#BB-46061, BestbBio, China) was
used. BMDMs were treated with a total of 100 pM of Hy0» after pre-
incubation with 200 ppm of BSA, BSA-BR NPs, and BSA-BR-Pt NPs for
12 h. After 1 h, the cell media was replaced with assay buffer, and the
relative intracellular HyO5 concentration was quantified using a
CLSMwith excitation/emission wavelengths of 488/525 nm.

2.9. Intracellular oxygen generation assay

To assess the level of intracellular oxygen generation in hypoxia M1
macrophages, a oxygen indicator [Ru(dpp)s]Cl, (Alfa Aesar, Shanghai,
China) was utilized following the instructions provided by the manu-
facturer. Briefly, hypoxic M1 macrophages were exposed to [Ru(dpp)s]
Cl;, for 4 h following pre-treatment with 200 ppm of BSA, BSA-BR NPs,
and BSA-BR-Pt NPs for 12 h. The fluorescence emission of [Ru(dpp)3]Cly
(Excitation wavelength: 488 nm, Emission wavelength: 610 nm) within
cells was subsequently visualized and captured using CLSM.

2.10. Cellular uptake

To confirm the cellular uptake of 5-FAM-labeled BSA-BR-Pt NPs
within BMDMs, the cells were incubated with BSA-BR-Pt NPs for varying
durations (2, 4, 6 h) and then analyzed by CLSM. Co-staining of the cell
nucleus was achieved by using Hoechst 33342 (Thermo Fisher Scienti-
fic) for visualization in CLSM analysis.

2.11. Cell viability test

Cell viability was assessed by utilizing the Cell Counting Kit-8 (CCK-
8, #C0038, Beyotime Biotechnology, Shanghai, China). Following a 12
or 24-h incubation of BMDMs with BSA, BSA-BR NPs, and BSA-BR-Pt
NPs, the CCK-8 assay was carried out following the guidelines pro-
vided by the manufacturer.

2.12. HIF-1a immunostaining

HIF-1o immunostaining was conducted on BMDMs after a 12 h in-
cubation period with LPS and hypoxia stimulation. Subsequently, the
cells were treated with 200 ppm of BSA, BSA-BR NPs and BSA-BR-Pt NPs
for an additional 12 h. BMDMs were immunostained with a primary
antibody targeting HIF-1a (1:100, Abcam) and then with a secondary
antibody labeled with Alexa Fluor 488 (1:800, Abcam). F-actin was co-
stained by utilizing rhodamine phalloidin (Thermo Fisher Scientific).

2.13. Macrophage polarization phenotype and metabolic turnover test

Following the aforementioned treatment of BMDMs, the cells were
fixed with 4 % paraformaldehyde and subsequently exposed to primary
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antibodies targeting F4/80 (1:100, Santa Cruz Biotechnology) with
CD86 (1:100, Proteintech) or CD206 (1:100, Proteintech) overnight at
4 °C. Next, the cells were exposed to appropriate secondary antibodies
labeled with fluorescence for an hour. DAPI (Thermo Fisher Scientific)
was utilized for nuclear staining, and the specimens were visualized
using a fluorescent microscope (Olympus).

ECAR and OCR are used as indicators for glycolytic and oxidative
phosphorylation activities, respectively. The glycolysis assay kit
(#ab197244, Abcam) and OCR plate assay kit (#E297, DOJINDO) were
utilized in accordance with the manufacturer’s instructions.

2.14. Quantitative reverse transcription polymerase chain reaction (qRT-
PCR) and Western blot analysis

Total RNA and proteins were extracted from treated BMDMs using
RNAiso Plus (TAKARA) and cell lysis buffer (Cell Signaling Technology),
respectively, following the manufacturer’s protocols. Subsequently,
1000 ng of RNA underwent reverse transcription with the First Strand
cDNA Synthesis Kit from Thermo Fisher Scientific. SYBR green PCR
Master Mix from Thermo Fisher Scientific was used with the CFX96
Connect Real-Time PCR Detection System (BIO-RAD) for qRT-PCR. The
primer sequences are available in Supplementary Table S1.

For Western blot analysis, a bicinchoninic acid (BCA) kit (TherMo
Fisher Scientific) was carried out for measurement of protein concen-
tration. Following the loading of 40 pg of protein onto SDS PAGE gels,
the steps of electrophoresis, membrane transfer, and sealing were car-
ried out. Afterwards, the membranes were exposed to the primary an-
tibodies against HIF-1a (1:1000, Abcam), NOS2 (1:1000, Proteintech),
CD86 (1:1000, Proteintech), CD206 (1:1000, Proteintech), Arg-1
(1:1000, Proteintech) and p-actin (1:10000, Fudebio, Hangzhou,
China), followed by a secondary antibody solution containing with
horseradish peroxidase (HRP) (Fudebio, Hangzhou, China). Protein
bands were identified with an ECL Kit (Fudebio, Hangzhou, China) and
recorded using a gel imaging system.

2.15. Histopathological examination

The knee joints were gathered and preserved in 4 % para-
formaldehyde, followed by decalcification using 15 % tetrasodium
ethylenediaminetetraacetic acid for 1 months. Sections of 3 pm thick-
ness were then prepared through paraffin embedding and stained with
hematoxylin-eosin (HE), Safranin-O Fast-Green, and tartrate resistant
acid phosphatase (TRAP) staining. Staining observations were con-
ducted using a light microscope (Olympus).

2.16. Immunohistochemical (IHC) staining and analysis

A 3 pm thick section of knee joints was subjected to IHC staining with
the primary antibodies directed against Hif3a (1:100, Proteintech) and
Hk3 (1:100, Proteintech) according to established protocols [23], and
visualized using fluorescence microscopy (Olympus). Quantitative
analysis of the stained sections was conducted using ImageJ software to
obtain statistical results.

2.17. uCT imaging

Before conducting histological analysis, the preserved joint samples
underwent scanning with a micro-CT (Inveon Micro-CT, Siemens, Ger-
many) at a resolution of 19 pm, 80-KV voltage, 500-pA current, and 300-
ms exposure time. Subsequently, the obtained micro-CT images were
examined with Materialise Mimics software (V21.0, Materialise
Belgium).

2.18. Safety assessment in vivo

To assess the safety of various NPs, serum samples were obtained



D. Guo et al.

from mice following treatment, and the levels of aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), blood urea nitrogen
(BUN), and creatinine (Cre) were quantified using standard kits in
accordance with the manufacturer’s guidelines.

2.19. RNA sequencing and analysis

BMSCs were exposed to BSA-BR-Pt NPs under hypoxia and LPS
stimulation, followed by extraction of total RNA using TRIzol (TAKARA,
Japan). PBS-treated BMSCs served as the control group.BGI Genomics in
Shenzhen, China conducted RNA extraction, library preparation, and
sequencing.SOAPnuke was used to filter the sequencing data by elimi-
nating reads with sequencing adapters, reads with a low-quality base
ratio greater than 20 % (base quality<15), and reads with an unknown
base ratio exceeding 5 %. The resulting clean reads were then saved in
FASTQ format.Following analysis and data mining were conducted
using the Dr. Tom Multi-omics Data mining system available at htt
ps://biosys.bgi.com.RSEM (v1.3.1) was used to determine the gene’s
expression level.pheatmap (v1.0.8) was used to create a heatmap based
on variations in gene expression across various samples.In essence, we
conducted a differential expression analysis utilizing DESeq2(v1.4.5) (or
DEGseq or PoissonDis) with a Q value of <0.05 (or FDR of <0.001).
Phyper conducted a Hypergeometric test to analyze the enrichment of
annotated differentially expressed genes using Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) to gain insight into
phenotype changes.The Q value was used to correct the significant levels
of terms and pathways with a strict threshold of Q value < 0.05.

2.20. Statistical analysis

The study presented quantitative results in the form of mean +
standard deviation. Statistical analysis for two-group comparisons was
conducted using a Student’s two-sided t-test, while a two-way analysis of
variance (ANOVA) was employed for multiple comparisons. Statistical
significance was defined as a P-value <0.05.
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3. Results and discussion
3.1. Preparation of BSA-BR-Pt NPs

As illustrated in Schemel, the BSA-BR NPs were prepared by a facile
hydrophilic-hydrophobic interaction followed by Pt NPs loading.
Through transmission electron microscopy (TEM) observation, the BSA-
BR NPs presented a spherical shape with good dispersity (Fig. 1A). The
loading content and loading efficiency of BR were determined to be 1.12
% and 28.02 %, respectively, through its standard curve (Fig. S1). After
Pt loading, the size of BSA-BR-Pt NPs was approximately 395.9 + 52.3
nm (Fig. 1B). The successful loading of Pt was evidenced through the
energy disperse spectroscopy observation (Fig. S2). The Pt loading
content was calculated to be 0.918 % through the inductively coupled
plasma optical emission spectrometry (ICP-OES) measurement. These
BSA-BR-Pt NPs displayed desirable reproducibility with negligible dif-
ference between all batches. The hydrodynamic size of BSA-BR NPs and
BSA-BR-Pt NPs was measured to be 344.9 + 11.3 nm and 375.9 + 24.5
nm, respectively (Fig. 1C-E). The surface charge of BSA-BR NPs was
around —13.0 + 2.4 mV, which changed to —15.3 + 1.4 mV after Pt
loading (Fig. 1F). UV-Vis-NIR spectra revealed that a characteristic
absorption peak of pure BR was observed around 450 nm, which
exhibited a slight redshift in BSA-BR and BSA-BR-Pt NPs (Fig. 1G). The
broad peak in BSA-BR-Pt NPs could be attributed to the formation of Pt
NPs. Fourier transform infrared (FTIR) spectra revealed that BR
exhibited N-H bending vibration at 3413.83 cm™}, the C=O stretching
vibration at 1688.82 cm !, and the C=C stretching vibration at 1641.28
cm™!, which closely resembled the spectra of BSA-BR and BSA-BR-Pt
NPs (Fig. 1H). The intensified absorption around 3400 cm™! could be
caused by the presence of BSA which enriched with O-H. The color of
the BSA-BR-Pt NPs underwent a slight darkening when compared to
BSA-BR NPs, indicating the successful incorporation of Pt nanoparticles
(Fig. S3). All these findings collectively demonstrate the successful
preparation of BSA-BR-Pt NPs.

Then, the anti-inflammatory capacity of BSA-BR NPs was examined
by utilizing Cut and H,0; as the source of hydroxyl radical (¢OH) and
MB as the probe. The absorption peak of MB could be decreased in the
presence of eOH. The absence of BSA-BR NPs in the control experiment
led to a gradual decrease in the peak of MB over time, suggesting the
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Fig. 1. Preparation and characterization of BSA-BR-Pt NPs. (A, B) TEM images of BSA-BR NPs (A) and BSA-BR-Pt NPs (B). (C, D) Hydrodynamic sizes of BSA-BR NPs
(C) and BSA-BR-Pt NPs (D). n = 3 per group. (E, F) Hydrodynamic sizes (E) and zeta potential (F) of BSA, BSA-BR NPs, and BSA-BR-Pt NPs. (G, H) UV-Vis absorption

spectra (G) and FTIR spectra (H) of BR, BSA-BR NPs, and BSA-BR-Pt NPs.
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production of ¢OH in the mixture (Fig. 2A-E). In the presence of BSA-BR
NPs, the decrease of MB peak was compromised with the increase of NP
concentration and reaction time (Fig. 2F). The change in MB content was
also proved by the digital photos of the solution after different reactions
(Fig. S4). Subsequently, the clearance capacity of HyO5 was investigated
when mixed with BSA-BR NPs and BSA-BR-Pt NPs of varying concen-
trations and shaking for 1 h at 37 °C, (Fig. 2G and Fig. S5). It was
observed that the H,O5 level decreased with the increase in the con-
centration of BSA-BR NPs, indicating the HyO; clearance ability of BSA-
BR NPs. The concentration of HoO, decreased more quickly in the
presence of BSA-BR-Pt NPs, indicating the synergistic effect of BR and Pt
on Hy0, scavenging. Oxygen generation experiments were used to
assess the catalase-like function of Pt nanoparticles (Fig. 2H). As shown
in Fig. 2H, O3 levels gradually increased with the increase in the con-
centration of BSA-BR-Pt NPs and reaction time, proving that Pt could
catalyze H20; into O, effectively.

3.2. Hypoxia improvement and ROS scavenging of BSA-BR-Pt NPs in
vitro

Subsequently, we performed in vitro experiments using bone
marrow-derived macrophages (BMDMs) obtained from mice. Following
incubation with 5-FAM-labeled BSA-BR-Pt NPs, confocal laser scanning
microscopy (CLSM) revealed significant cellular internalization of BSA-
BR-Pt NPs by BMDMs in a manner dependent on both time and con-
centration (Fig. 3A, B and Fig. S6). The results of Calcein-AM and pro-
pidium iodide (AM/PI) staining and CCK-8 assay indicated that 200 ppm
BSA, BSA-BR NPs, and BSA-BR-Pt NPs did not exhibit cytotoxicity within
a 12 and 24 h period. However, when concentration exceeded 400 ppm,
BSA-BR-Pt NPs demonstrated a mild cytotoxic effect, with the degree of
cytotoxicity escalating in correlation with concentration levels (Fig. 3C,
D and Fig. S7 and S8). Consequently, subsequent in vitro experiments
were conducted using a concentration of 200 ppm BSA-BR-Pt NPs.

The production of oxygen in hypoxic M1 macrophages via the
catalysis of various NPs was first investigated. BMDMs were treated with
BSA, BSA-BR NPs and BSA-BR-Pt NPs under hypoxic and inflammatory
conditions induced by a hypoxic atmosphere and 500 ng/mL
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lipopolysaccharide (LPS). Fluorescence intensity (red) of the oxygen
probe [Ru(dpp)3]Cl2 was significantly diminished in hypoxia M1
BMDMs treated with BSA-BR-Pt NPs, suggesting a substantial increase in
intracellular oxygen generation. Conversely, the fluorescent signal
remained relatively stable when nanoparticles lacking Pt were used
(Fig. 3E and F). To further assess the efficacy of BSA-BR-Pt NPs in
mitigating hypoxia, we evaluated HIF-la cellular localization and
expression levels. The combination of LPS and hypoxia (LH) stimulation
resulted in a notable increase in the translocation of HIF-la from the
cytoplasm to the nucleus, along with a significant upregulation of HIF-
la expression level. BSA-BR-Pt NPs treatment effectively reduced the
expression of HIF-1a and its nuclear translocation in hypoxic M1 mac-
rophages. The role of this treatment exceeded that of BSA-BR NPs
treatment (Fig. 3G, H, 5E and F). Although BSA-BR NPs did not generate
oxygen, our findings demonstrated that BSA-BR NPs could still improve
hypoxia partially through inhibiting the expression of HIF-1a and its
nuclear translocation, which complemented the additional function of
bilirubin NPs as antioxidants [18,24]. These results demonstrated that
the incorporation of platinum with oxygen-generating property into
BSA-BR NPs, suppressed the expression of HIF-la and its nuclear
translocation in hypoxic M1 macrophages through a synergistic
mechanism.

To evaluate the ROS scavenging effect of BSA-BR-Pt NPs in hypoxic
M1 macrophages, the 2'-7'-dichlorodihydrofluorescein diacetate (DCFH-
DA) was used as a fluorescent probe to measure the overall intracellular
ROS levels. Hypoxic M1 macrophages exhibited elevated levels of ROS,
as indicated by the intense fluorescence emission. After treatment with
BR-Pt NPs or BSA-BR-Pt NPs, the ROS level markedly decreased in
hypoxic M1 macrophages (Fig. 4A and B). Notably, BSA-BR-Pt NPs
demonstrated superior efficacy in the scavenging of ROS in comparison
to BSA-BR NPs. The observed trend of eOH fluorescent probe was
consistent with this result, showing a decrease of intracellular ¢OH
levels in hypoxic M1 macrophages with BSA-BR-Pt NPs treatment
(Fig. 4C and D). Intracellular HyO4 levels were then evaluated utilizing
an intracellular HyO, assay kit. Following pretreatment with BSA, BSA-
BR NPs, and BSA-BR-Pt NPs, BMDMs were exposed to 100 pM H305 for
1 h, and intracellular HyO5 levels were quantified based on fluorescence
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intensity. The intracellular decomposition of HoO2 by BSA-BR-Pt NPs
was found to be more efficient than that of control groups, as demon-
strated in Fig. 4E and F. This observation aligns with earlier findings
presented in Fig. 2G, indicating the synergistic HoOs-degrading capacity
of BSA-BR-Pt NPs. These data also demonstrated the advantage of BSA-
BR-Pt NPs due to the synergistic effect of BR and Pt on ROS scavenging.
Collectively, these findings indicated that the addition of platinum with
hypoxia-attenuating property to BSA-BR NPs enhanced ROS elimination
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in hypoxic M1 macrophages via a synergistic mechanism.

3.3. BSA-BR-Pt NPs reprogram M1 macrophages toward M2
macrophages in vitro

Synovial hypoxia increased the expression of HIF-1o and promoted
excessive ROS generation, resulting in augmented polarization of pro-
inflammatory M1 macrophages and diminished polarization of anti-
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control, LH + BSA and LH + BSA-BR-Pt NPs, respectively (##, &&, **P < 0.01).

inflammatory M2 macrophages in the RA joints [25,26]. A prominent
characteristic of hypoxic M1 macrophages was their heightened ability
for proliferation [8]. Consequently, a CCK-8 assay was conducted to
evaluate the effect of BSA-BR-Pt NPs on the proliferation of M1 mac-
rophages. The results from CCK-8 assay showed that the enhanced
proliferation of M1 macrophages was significantly inhibited after
BSA-BR-Pt NPs treatment under both normoxic and hypoxic conditions
(Fig. S9). Based on the observed capacity of BSA-BR-Pt NPs to efficiently
suppress HIF-1a expression and reduce ROS production in hypoxic M1
macrophages, we postulated that the NPs might induce a phenotypic
shift from M1 to M2 macrophages.

To investigate this postulation, we next conducted an in vitro
assessment of the transition from M1 to M2 phenotype in BMDMs after
exposure to BSA-BR-Pt NPs under conditions of hypoxia and LPS stim-
ulation. These cells were then subjected to immunofluorescence staining
for F4/80 (a macrophage marker) with CD86 (an M1 marker) or CD206
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indicate significant differences when compared with the

(an M2 marker). Our findings revealed a significant upregulation of
CD86 and a noticeable downregulation of CD206 in BMDMs exposed to
hypoxia and LPS. After treatment of BSA-BR-Pt NPs, there was a
reduction in the fluorescence intensity of CD86 and an increase in the
fluorescence intensity of CD206, indicating a potential re-polarization of
macrophages from M1 macrophages to M2 macrophages (Fig. 5A-D).
Moreover, Western blot analysis demonstrated that a notable rise in the
protein level of markers for M1 macrophages markers, such as NOS2 and
CD86, and a substantial decline in the protein level of markers for M2
macrophages markers, including CD206 and arginase-1 (Arg-1),
following hypoxia and LPS stimulation. Consistent with expectations,
downregulated expression of M1 macrophages markers and upregulated
expression of M2 macrophages markers were observed in hypoxic M1
macrophages with BSA-BR-Pt NPs treatment (Fig. S5E). Similarly, qRT-
PCR analysis revealed that hypoxia and LPS treatment significantly
increased mRNA expression levels of NOS2, CD86, IL-1p and TNF-a, and



D. Guo et al. Bioactive Materials 41 (2024) 221-238

A LPS+Hypoxia B o contol 01 BSA
_ ___Control BSA BSA-BR BSA-BR-Pt [J BSA-BR [J BSA-BR-Pt
o0
% e
4 = 100, "
E = -
a :o: 50 s =
s g 5.,
c
O Q
= 5 o1l |1 11
< o LH24 h
D
o =
g’ = 100, ”
= S o
5 | -
C . g s0{| ™
LPS+Hypoxia 8 £E
BSA-BR BSA-BR-Pt & .l e
g P ol
- LH24 h
>
> HIF-1o | = = |
g NOS2 | -]
= CD86 ===
8 CD206 [R5 == i o &0 38 &8
E Arg-l @ e
< B-actin ‘-—-—-—-‘
@] - LPS - + - + + + +
° Hypoxia - - + + + + +
£0 BSA - - - - + + +
¢ BR - - - - - ++
Pt - - - - - - +
e |
F s 20 HIF-1a " CD86 15 €D208

1.0

0.5+

Relative mRNA expression
e o o= g '
o [5,] o

i

£ it
N E—
Hg
Relative mRNA expression
b~ e g d ;
i
i
3
J
HE
Relative mRNA expression
(=]
o
23
¢ Hi
i
|
|t
&
HE

o 0 & & . % N & & D & &
§&E LS & F DS &L F S
d NP F ¢ RN RS ¢ ;X ¥
o Rl o F P o N
X \‘3‘ X \‘3‘ X \;2\
< ' L
WV V v
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reduced mRNA expression levels of Arg-1, CD206, IL-4 and IL-10.
Notably, treatment with BSA-BR-Pt NPs markedly reduced mRNA
expression levels of NOS2, CD86, IL-1f, IL-6 and TNF-a, and elevated
mRNA expression levels of Arg-1, CD206, IL-4 and IL-10 (Fig. 5F and
Fig. S10). BSA-BR NPs also showed a macrophage reprogramming effect
but to a lesser extent than that of BSA-BR-Pt NPs. The consistent trend
observed in the M1 markers and HIF-1a expression indicates a vital role
for HIF-1a in the activation of M1 polarized macrophages [27,28]. The
significantly decreased expression of HIF-1a in the BSA-BR-Pt NPs group
compared to the BSA-BR NPs group suggests that the superior macro-
phage reprogramming effect in the former group is likely facilitated by
suppressing HIF-1a (Fig. 5E and F and Fig. S10). Collectively, we
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confirmed the successful transition of macrophages from M1 to M2
phenotype induced by BSA-BR-Pt NPs via synergistic improvement of
hypoxia and elimination of ROS.

3.4. BSA-BR-Pt NPs attenuate the progression of RA in CIA mice

The therapeutic efficacy of BSA-BR-Pt NPs treatment was subse-
quently assessed in CIA mice, a model widely recognized for its systemic
immune responses in experimental RA research (Fig. 6A). Methotrexate
(MTX), a commonly used small-molecule disease-modifying antirheu-
matic drug DMARD, was employed as the positive control group. In
comparison to the PBS-treated mice, those administered with BSA-BR

A Evaluation every 3 days

‘ NPs treatment

\

i Immunization  CIA established

Mice sacrificed
Tissue collection

Day 0 Day 21 Day 28 Day 35 Day 42 Day 49 Day 56  Day 60
B | - = =
Sham PBS BSA MTX

Before treatment

After treatment

@

= Sham = PBS <= BSA
= BSA-BR-= BSA-BR-Pt = MTX

BSA-BR

BSA-BR-Pt

.

= 4.5 .0,
€ 4.0 - 20 W s sk
é . £ 4.0 E :? && *x
2 3.5 e~ LI E1s | P o
o § 3.51 = $ : 8&
§ £ 8& 7] y
G 3.0 3 o = e
"é £ 3.0 5
225 2 & £ 0.5
E n‘f 2.5 _,O
20 . e 2.0 0.0
Days after first immunization CIA CIA

Fig. 6. Therapeutic effect of BSA-BR-Pt NPs in CIA mice. (A) The schematic illustration of BSA-BR-Pt NPs treatment. (B) Representative photographs of joints in CIA
mice before and after different treatment. (C) Inflammatory joint paw thickness over time for various treatments. (D, E) The statistic result of paw thickness (D) and
joint diameter (E) between different treatments at day 60 following immunization. #, & and * indicate significant differences when compared with the sham, PBS,
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NPs, BSA-BR-Pt NPs or MTX exhibited obvious improvement in the de-
gree of swelling. Although mice treated with BSA displayed no thera-
peutic effect, the BSA-BR NPs, BSA-BR-Pt NPs, and MTX notably reduced
paw thickness and joint diameter compared to PBS group. Specifically,
treatment with BSA-BR-Pt NPs demonstrated great effects, resulting in
43 % and 42 % decrease in paw thickness and knee joint diameter,
respectively, compared to treatment with MTX (Fig. 6B-E). To further
evaluate the extent of joint inflammation and cartilage destruction,
histological examination of the knee and ankle joint slides from mice
was performed. H&E stained sections in the knee and ankle joints from
CIA mice treated with PBS or BSA showed a notable presence of in-
flammatory cell infiltration and severe synovial hyperplasia. The BSA-
BR NPs and MTX groups demonstrated a similar reduction in synovial
inflammation and synovitis score. Importantly, treatment with BSA-BR-
Pt NPs showed superior efficacy in attenuating synovitis in the knee and
ankle joints compared to the other groups (Fig. 7A-D). As the BSA-BR-Pt
NPs were found to significantly induce a phenotypic transition from M1
to M2 macrophages in vitro, our subsequent investigation involved the
identification of macrophage subtypes in synovial tissue through the
examination of the colocalization of F4/80 with CD86 or CD206
(Fig. 7E-H and Fig. S11). As expected, the BSA-BR-Pt NPs group
exhibited a significant transition from M1 to M2 polarization in the knee
and ankle joints, resulting in superior efficacy in combating synovitis
compared to the other groups. Safranin-O Fast-Green staining and H&E
staining showed a marked depletion of cartilage tissues in the knee and
ankle joints of the PBS and BSA groups. In sharp contrast, the knee and
ankle joints of the BSA-BR-Pt NPs and MTX groups displayed intact and
red-stained cartilage, indicating that BSA-BR-Pt NPs effectively miti-
gated articular cartilage lesions. Concretely, administration with BSA-
BR-Pt NPs exhibited superior effects, leading to a 45 % decrease in sy-
novitis score and a 35 % decrease in Mankin score in the knee joint, as
well as a 32 % reduction in synovistis score and a 48 % reduction in
Mankin score in the ankle joint, when compared to administration with
MTX (Fig. 7A-D, Fig. 8A, B, G, H and Fig. S12A and C)

Bone erosion was considered as a pathology associated with late-
stage RA [29]. In order to assess the potential of BSA-BR-Pt NPs to
mitigate inflammatory bone resorption, we evaluated the impacts of
BSA-BR-Pt NPs on the expression levels of osteoclasts markers through
tartrate-resistant acid phosphatase (TRAP) staining. TRAP-positive
multinuclear cells with more than three nuclei were identified as oste-
oclasts. The presence of elevated osteoclasts was observed in the regions
of bone erosion and subchondral bone in the PBS and BSA groups. While
BSA-BR NPs and MTX treatments resulted in a comparable decrease in
osteoclast numbers, treatment with BSA-BR-Pt NPs exhibited superior
efficacy in reducing osteoclast numbers in the knee and ankle joints
(Fig. 8C, D, I, J and Fig. S12B and D). Micro-CT analysis provided
additional confirmation of bone erosion in a more detailed manner. The
knee and ankle joints exhibited obvious bone damage in the PBS and
BSA groups, with BSA-BR NPs, BSA-BR-Pt NPs and MTX treatment
demonstrating a noticeable alleviation of bone destruction compared to
the PBS groups. It is noteworthy that the superior therapeutic effect was
found in the BSA-BR-Pt NPs group compared to the BSA-BR NPs and
MTX groups. To be specific, BSA-BR-Pt NPs administration showed
significant efficacy, resulting in a 58 % and 63 % decrease in the knee
and ankle joints of bone erosion area compared to MTX administration
(Fig. 8E, F, K, and L). The data provided above support that BSA-BR-Pt
NPs could effectively mitigate the development of RA by attenuating
synovial inflammation, cartilage damage and bone erosion in CIA mice.

In consideration of safety, hepatotoxicity was assessed through the
measurement of serum levels of liver enzymes alanine transaminase
(ALT) and aspartate aminotransferase (AST) following treatment
(Figs. S13A and B), while nephrotoxicity was evaluated by measuring
blood urea nitrogen (BUN) and creatinine (Cre) (Figs. S13C and D). The
results indicated that there were no significant changes in these pa-
rameters after treatment with PBS, BSA, BSA-BR NPs, BSA-BR-Pt NPs, or
MTX compared to the sham mice, suggesting minimal toxicity to the
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liver and kidney. Although the intra-articular injection of MTX did not
lead to abnormal alterations in ALT, AST, BUN, and Cre indices, Yang
et al. observed that intravenous administration of MTX led to a notable
increase in AST and Cre levels in mice, potentially indicating hepatic and
renal damage following prolonged intravenous use [14,28]. This high-
lights the constraints of MTX in clinical practice due to its adverse ef-
fects. Taken together, these findings suggested that intra-articular
injection of BSA-BR-Pt NPs with improved efficacy and safety profiles
may present a more favorable option for RA treatment.

3.5. The functional mechanism of BSA-BR-Pt NPs on macrophages
reprogramming and RA therapy

In order to elucidate the underlying mechanism of BSA-BR-Pt NPs
treatment on macrophage reprogramming in the development of RA,
macrophages treated with either PBS (LH_Ctrl) or BSA-BR-Pt NPs
(LH_BBP) were harvested after hypoxia and LPS stimulation for bulk-
RNA sequencing analysis. A total of 1117 differentially expressed
genes (DEGs) were detected in the comparison between LH_BBP and
LH_Ctrl, including 195 identically downregulated genes and 992 iden-
tically upregulated genes (Fig. 9A, B and Fig. S14 and Table S2). Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis were utilized to annotate the functions of these
genes. The findings from the Go analysis (Fig. 9C and Fig. S15A) indi-
cated that the identified genes primarily participate in various biological
processes, such as immune system process, metabolic process, inflam-
matory response, cellular response to LPS, angiogenesis, positive regu-
lation of angiogenesis, cellular response to hypoxia, and response to
hypoxia, which were associated with the progression of RA [9,12,25,
30-32]. As BSA-BR-Pt NPs with synergistic hypoxia improvement and
ROS scavenging, we focus on DEGs in cellular response to hypoxia and
response to hypoxia between LH BBP and LH_Ctrl. Cluster analysis
revealed that a number of DEGs linked to hypoxia in the LH BBP group
were downregulated, such as Hif3a, EgIn3, Vegfa, Hmox1 and Ptgis
(Fig. 9D and E). These findings were further corroborated through
gqRT-PCR in hypoxic M1 macrophages treated with PBS or BSA-BR-Pt
NPs. Compared to the control group, a reduction in mRNA expression
levels of Hif3a, Egln3, Vegfa, Hmox1 and Ptgis were observed in the
LH_BBP group (Fig. 9F and Fig. S16). Results from immunohistochem-
istry (IHC) staining indicated a marked increase in Hif3a positive cells
within the synovium of CIA mice compared to the sham group. BSA-BR
NPs and MTX effectively reduced the expression of Hif3a in hypoxic
synovium, whereas the therapeutic efficacy of these treatments were
found to be less pronounced compared to that of BSA-BR-Pt NPs (Fig. 9G
and H), which were consistent with attenuating RA progression, as
depicted in Figs. 6-8. HIF-1a, HIF-2a, and HIF-3a (Hif3a), which are part
of the hypoxia-inducible factors-a, have been identified as crucial con-
trollers of the adaptive reaction to alterations in oxygen concentration
[33,34]. While the roles and mechanisms of HIF-1la and HIF-2a in
response to low oxygen levels had been extensively studied across
various disciplines [32,35], research on the function of Hif3a in hypoxic
condition was notably scarce. Our study revealed Hif3a as a novel target
within the enzyme-catalyzed nanoplatform for orchestrating the
reprogramming of hypoxic M1 macrophage polarization. Furthermore,
analysis using Go annotations (Fig. SI5A, S17A and B) suggested that
the identified genes were predominantly involved in a variety of mo-
lecular functions (such as catalytic activity, molecular function regu-
lator, and antioxidant activity), as well as cellular component (such as
extracellular space, and cytoplasm). This demonstrates BSA-BR-Pt NPs
possess both catalytic and antioxidant properties, which play a crucial
role on modulating cellular molecular functions and contributing to
extracellular interactions.

In addition, the upregulation of Vegfa, a proangiogenic cytokine, in
hypoxic M1 macrophages promoted the recruitment of inflammatory
cells and their cytokines, leading to persistent synovitis in RA [32,36].
The administration of BSA-BR-Pt NPs had been shown to inhibit the
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Fig. 9. RNA-seq analysis of hypoxic M1 polarized macrophages treated with BSA-BR-Pt NPs. (A, B) Volcano plot and number of DEGs of all genes identified in this
study. Red and blue dots indicate up- or down-regulated genes significantly, respectively (|log2FC| > 1 and Q-value of <0.05). (C) Representative GO analysis
(biological process) of DEGs from LH_BBP vs. LH_Ctrl (|log2FC| > 1 and Q-value of <0.05). (D, E) Heat map of DEGs from LH_BBP vs. LH_Ctrl in cellular response to
hypoxia (D) and response to hypoxia (E) in the biological process. (F) qRT-PCR analysis of Hif3a mRNA expression in BMDMs from LH_BBP vs. LH_Ctrl. (G-I)
Representative images and quantified analysis of Hif3a and Hk3 IHC staining in the synoivum of CIA mice with different treatment. Scale bar: 50 pm. (J) Heat map of
DEGs from LH_BBP vs. LH_Ctrl in HIF-1a pathway. (K) gqRT-PCR analysis of Hk3 mRNA expression in BMDMs from LH_BBP vs. LH_Ctrl. #, & and * indicate significant
(Eifferences when compared with the sham, PBS, and BSA-BR-Pt NPs groups, respectively (*P < 0.05 and ##, &&, **P < 0.01).

expression of Vegfa in hypoxic M1 macrophages (Fig. S16B), indicating
a potential role in mitigating these pathological changes to attenuate the
development of RA. This result was also supported by a cluster analysis
of DEGs in angiogenesis and positive regulation of angiogenesis, which
demonstrated a significant inhibition of angiogenesis in the LH_BBP
group when compared to the control, as shown in Figs. S18A and B.
Subsequently, the findings from the human umbilical vein endothelial
cells (HUVECs) tube formation assay showed that the cell supernantant
derived from the LH_BPP group exhibited a obvious inhibitory effect on
angiogenesis in comparison to the control group (Fig. S19). These
findings suggested that hypoxic M1 macrophages reprogrammed with
BSA-BR-Pt NPs effectively suppressed angiogenesis. Konisti et al. re-
ported that the induction of angiogenesis in RA is probably a result of
synovial hypoxia [32]. In the context of inflammation and hypoxia
within the RA synovium, activated endothelial vessels facilitated the
infiltration of inflammatory cells, resulting in the proliferation of sy-
novial tissue. This process further strained oxygen supply, perpetuating
a detrimental cycle that contributed to the progression of RA [37,38].
These evidences illustrated BSA-BR-Pt NPs effectively mitigated the
development of RA by inhibiting the pro-angiogenic capacity of hypoxic
M1 macrophages.

The analysis of KEGG enrichment showed that the DEGs in the
LH _BBP vs. LH_Ctrl comparison were enriched in multiple pathways,
such as cytokine-cytokine receptor interaction, rheumatoid arthritis,
TNF signaling pathway, osteoclast differentiation, energy metabolism,
p53signaling pathway, NOD-like receptor signaling pathway, JAK-STAT
signaling pathway, and HIF-1 signaling pathway (Figs. S15B and S15C).
Cluster analysis of DEGs involved in cytokine-cytokine receptor inter-
action, rheumatoid arthritis, TNF signaling pathway and osteoclast
differentiation revealed a downregulation of pro-inflammatory cyto-
kines (IL-1f, IL-18, Ccr9, Ccl2, Mmp9 and Tgfb3) [39,40] and bone
resorption markers (Acp5 and Ctsk) [41] were observed in the LH_BBP
group compared to the LH_Ctrl group (Figs. S20A-D). This indicated that
BSA-BR-Pt NPs not only reduced the expression of inflammatory cyto-
kines to alleviate synovitis but also inhibited osteoclast activity. The
therapeutic effects of BSA-BR-Pt NPs in alleviating paw thickness,
inhibiting synovial inflammation, reducing the number of osteoclasts
and attenuating bone erosion in mice with CIA were similarly demon-
strated (Figs. 6-8). Following this, the results from osteoclast TRAP
staining assay and qRT-PCR analysis showed that the cell supernantant
obtained from the LH_BPP group exhibited an obvious inhibitory impact
on osteoclast activity in vitro when compared to the control group
(Figs. S21A-D). Interestingly, the reduced osteoclast activity was also
observed in osteoclasts treated with BSA-BR-Pt NPs in comparison to the
control group (Figs. S21E-H).

Gene-set enrichment analysis (GSEA) revealed the LH_BBP group
exhibited a significant downregulation of p53 signaling pathway, NOD-
like receptor signaling pathway, JAK-STAT signaling pathway and HIF-
la pathway in comparison to the LH_Ctrl group (Figs. S22A-D). Prior
research had reported that these signaling pathways were involved in
the progression of RA [42-44]. In our investigation of the mechanisms
by which BSA-BR-Pt NPs ameliorate hypoxia, we conducted cluster
analysis to focus on DEGs in the HIF-1a pathway (Fig. 9J). The heatmaps
of DEGs showed a significantly reduced expression of genes activating
HIF-1a pathway (such as Fltl, Mapk3, Angpt2, Pik3r3, Insr and Akt3)
[45-47] and genes associated with glycolysis (such as Pfkm, Aldoc,
Pgkl, Hk1, Hk3, Eno2 and Pfkfb3) [48,49] in the LH_BBP group. The
results from qRT-PCR analysis demonstrated that BSA-BR-Pt NPs
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treatment could reduced the mRNA expression levels of Mapk3, Angpt2,
Pik3r3, Insr, Pfkm, Aldoc, Pgkl, Hk3, Eno2 and Pfkfb3, while no sig-
nificant difference were observed in the mRNA expression levles of Flt1,
Akt3 and Hk1 (Fig. 9K and Fig. S23A and B). Bustamante et al.It was
previously stated that Hk2 is uniquely present in RA synovial lining and
could be a promising metabolic target for the treatment of RA [50],
however, the expression and role of Hk3 in RA were still unclear. We
therefore performed IHC staining of Hk3 in synovial tissues of CIA mice
treated with different NPs. The results revealed that markedly increased
HKkS3 positive cells were observed in synovium of CIA mice compared to
the Sham group. BSA-BR NPs and MTX could effectively reduced the
expression of Hk3 in hypoxia synovium, however they were no more
effective effect than BSA-BR-Pt NPs (Fig. 9G and I). The extracellular
acidification rate (ECAR) is a measure of glycolysis activity [51].
Compared to the control, obviously decreased ECAR were observed in
hypoxia M1 macrophages with BSA-BR-Pt NPs treatment (Fig. S24A),
suggesting BSA-BR-Pt NPs effectively inhibit glycolysis in hypoxia M1
macrophages. It was well-established that the downregulation of
glycolysis-related genes and the suppression of glycolysis activity was
beneficent for enhancing macrophage M2 polarization [13,52]. These
findings offer evidence supporting the role and mechanism of BSA-BR-Pt
NPs in hypoxic M1 macrophage reprogramming by inhibiting
Hk3-mediated glycolysis activity. Furthermore, the classical M1
macrophage subtype is distinguished by elevated aerobic glycolysis and
reduced oxidative phosphorylation (OXPHOS), whereas the M2 macro-
phage subtype is characterized by heightened OXPHOS [53-55]. The
DEGs in OXPHOS were compared between LH_Ctrl and LH_BBP group by
cluster analysis (Fig. S20E). The results from heatmap analysis indica-
tied that a total of 62 DEGs were identified, with 40 (64.52 %) showing
identical downregulation and 22 (35.48 %) showing identical upregu-
lation. These findings were further confirmed by qRT-PCR and mea-
surement of oxygen consumption rate (OCR), a metric of OXPHOS
activity [56]. The qRT-PCR results demonstrated an obvious increase in
mRNA expression levels of key genes associated with OXPHOS (such as
Ndufb8, Uqcrcl, Uqcrc2, Atp5al Sdha and Cox10) in hypoxic M1
macrophages treated with BSA-BR-Pt NPs compared to the control group
(Fig. S23C). Additionally, OCR analysis revealed that BSA-BR-Pt NPs
effectively enhanced the OXPHOS levels of hypoxic M1 macrophages
(Fig. S24B). Collectively, these evidences suggested that BSA-BR-Pt NPs
could switch cellular metabolism from glycolysis to OXPHOS through
HIF-1o/HIF-3a/Hk3 pathway, ultimately reprogramming hypoxic M1
macrophages to M2 macrophages.

Nanomedicine is emerging as a promising approach in the realm of
RA therapy, aiming to mitigate the pronounced side effects associated
with conventional anti-RA drugs and enhance the therapeutic effects
[57-59]. Although our work and other studies have demonstrated that
the synergistic improvement of hypoxia and elimination of ROS is an
effective strategy for RA therapy [14,27,28,60], our findings further
identified that M1-to-M2 re-polarized macrophages treated with
BSA-BR-Pt NPs might impede the continuous bone resorption and
aberrant angiogenesis during the progression of RA. Our study con-
tributes to the broader application of this therapeutic strategy and offers
a potential treatment for secondary complications in RA. Notably, we
are the first to elucidate the intricate mechanisms of this therapeutic
strategy in combating RA. This not only enhances the translational
relevance of our findings but also paves the way for a broader spectrum
of therapeutic interventions targeting RA and potentially other inflam-
matory disorders. However, the complex mechanisms of various
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nanomedicine-based strategies necessitate further investigation. A
deeper understanding of the mechanisms by which nanomedicine
effectively mitigates the progression of RA may lead to the discovery of
additional therapeutic targets and facilitate the clinical application of
nanomedicine.

4. Conclusion

The detrimental feedback loop between hypoxia and oxidative stress
is a key factor in reshaping macrophage polarization, thus aggravating
the progression of RA. In this study, we engineered BSA-BR-Pt NPs with
synergistic hypoxia-alleviating and ROS-scavenging properties to miti-
gate the progression of RA through microenvironmental modulation and
macrophage reprogramming strategies. Our results demonstrate that
BSA-BR-Pt NPs effectively generate O3 and synergistically scavenge ROS
in vitro. Importantly, the therapeutic effects are notably observed in the
knee and ankle joints of CIA mice treated with BSA-BR-Pt NPs compared
to MTX, as evidenced by significant reductions in paw thickness, joint
diameter, synovitis score, Mankin score, and bone erosion area. Mech-
anistically, BSA-BR-Pt NPs reprogram hypoxic M1 macrophages to M2
macrophages by switching glycolysis to OXPHOS via HIF-1a pathway. In
summary, we fabricated an effective anti-RA enzyme-catalyzed nano-
platform with a combination of gas treatment and antioxidant therapy,
illuminated its underlying mechanism, and proposed a promising ther-
apeutic strategy for RA by interrupting the detrimental feedback loop
between hypoxia and oxidative stress to reprogram macrophage polar-
ization. Furthermore, this work provides guidance for the development
of enzyme-catalyzed nanoplatform with synergistic hypoxia-relieving
and ROS-scavenging properties for treating RA and other inflamma-
tory disorders.
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