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KEY WORDS Abstract Elevated glucose metabolism is a prominent characteristic of fibroblast-like synoviocytes

el e (FLS) in rheumatoid arthritis (RA). However, the efficacy of inhibiting a single target of glucose meta-
v proctis bolism in FLS using small molecular inhibitors is limited for RA treatment. Herein, the synergistic in-
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hibition of FLS’ survival, proliferation, and activation by combining two glucose metabolism
inhibitors, diclofenac (DC) and lonidamine (LND) was first verified. Subsequently, DC and LND were
individually conjugated to cystamine-modified hyaluronic acid (HA) to prepare two polymer-prodrug
conjugates. A HAP-1 peptide-modified dual polymer-prodrug conjugates-assembled nanoparticles sys-
tem (HAP*lNPDc+LND) was further tailored in the optimal synergistic ratio for targeted and synergistic
metabolic modulation of FLS to alleviate RA symptoms. Upon targeted uptake by FLS in inflamed joints,
HAP— 'NPDc+LND released DC and LND within the intracellular reductive microenvironment, where DC
hinders glucose uptake and LND suppresses glycolytic enzymes to eliminate FLS synergistically. Addi-
tionally, the secretion of lactic acid and pro-inflammatory factors from FLS were reduced, thereby dis-
rupting the crosstalk between FLS and pro-inflammatory macrophages. Finally, " ~'NPpc_ np
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demonstrated promising efficacy in a mouse model of collagen-induced arthritis (CIA). Overall, this
research provides valuable insights into novel therapeutic strategies for the safe and effective of treatment
RA through targeted and synergistic metabolic modulation of FLS.

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

1. Introduction

Rheumatoid arthritis (RA) is an autoimmune disease characterized
by synovitis as the pathological basis and can ultimately lead to
joint deformity'. During the progression of RA, the typical
structure of the synovium, normally consisting of 2—3 cell layers,
thickens to 10—20 cell layers, which is associated with persistent
proliferation and activation of fibroblast-like synoviocytes
(FLS)**. Proliferative and activated FLS promote RA progression
by releasing various factors and engaging in cell—cell crosstalk®.
For instance, FLS-secreted lactic acid in the arthritic synovial
microenvironment (SME) polarizes macrophages toward pro-
inflammatory MI-type>”’. In turn, these macrophages produce
pro-inflammatory factors that stimulate FLS to release pro-
inflammatory cytokines, chemokines, and tissue-damaging fac-
tors®. Additionally, FLS participate in recruiting inflammatory
cells, inducing synovial neovascularization, promoting osteoclast
formation and cartilage degradation’. However, current US Food
and Drug Administration (FDA)-approved medications for RA
mainly target the hyperactive immune response and resulting
inflammation without directly addressing FLS’ proliferation and
activation'®'!. This limitation frequently results in a high relapse
rate after discontinuing treatment for RA. Recently, several
investigated delivery systems for RA treatment involve killing
FLS through local photodynamic or photothermal therapy'*'3.
However, these methods often cause damage to surrounding
healthy tissues or exacerbate the inflammation due to excessive
reactive oxygen species or high temperature. Furthermore, locally
treating small joints in various body parts poses challenges as
well'>!3. Therefore, there is an urgent need to develop an effective
and safe FLS-targeted modulation strategy for RA treatment.
Recently, conducted studies have demonstrated that elevated
glucose metabolism is a prominent characteristic of FLS in RA'*
'7_This metabolic alteration involves the up-regulation of glucose
transporter member 1 (GLUT-1) expression or enhancement of the
activity of rate-limiting glycolytic enzymes'>'®, resulting in the
abnormal accumulation of various metabolites within FLS. These
metabolites further promote FLS’ survival, proliferation, and
activation, thereby contributing to chronic inflammation and joint
damage in RA'>'®. Nanocarrier has recently been utilized for
delivering glucose oxidase to consume glucose for FLS elimina-
tion'?. However, the constant supply of glucose from the body
may weaken this effect while also exacerbating SME acidity due
to gluconic acid production®’. Several small molecular inhibitors
targeting glucose metabolism have shown potential in inhibiting
FLS survival and inducing apoptosis, as well as modulating FLS-
mediated  inflammation'®?!%2, Nevertheless, FLS exhibit
compensatory mechanisms when a single target within glucose
metabolism is inhibited*****. Furthermore, the therapeutic efficacy
of small molecular inhibitors is limited by their poor water solu-
bility, targeting capabilities, and short half-life*. To date, no at-

tempts have been made to develop a delivery system for these
glycolytic blockers that can achieve effective RA therapy through
targeted modulation of FLS metabolism.

Hence, we developed a polymeric dual prodrug nanoparticle
system to achieve targeted and synergistic metabolic modulation of
FLS for enhanced RA treatment (Scheme 1). Diclofenac (DC) and
lonidamine (LND), highly selective small molecular inhibitors
targeting GLUT-1 and hexokinase 2 (HK-2), respectively, have
been extensively investigated for their potential as glycolytic
inhibitors to impede proliferation and induce apoptosis of tumor
cells*®*?”. We initially verified the optimal synergistic effect of DC
and LND against FLS at a molar ratio of 2:1. Subsequently, DC and
LND were covalently conjugated to hyaluronic acid (HA) through
disulfide bond linker, respectively. These two polymer-prodrug
conjugates were then co-assembled into dual prodrug nanoparticles
(NPpc1np) at the optimal synergistic ratio, followed by modifi-
cation with the FLS-targeting peptide (HAP-1) to obtain
HAP-1 NPDc+LND28. Upon  intravenous (i.v.)  injection,
HAP=INPc b specifically targeted FLS in arthritic joints. After
recognition and endocytosis by FLS, DC and LND are released
from HAP?INPDC%ND in response to the intracellular reductive
microenvironment. The released DC hindered glucose uptake while
LND inhibited glycolytic enzymes, thereby synergistically
impeding FLS’ survival, proliferation, and activation. Furthermore,
this targeted and synergistic metabolic modulation of FLS reduced
the secretion of pro-inflammatory factors and lactic acid levels
which subsequently decreased macrophage activation while regu-
lating SME. Ultimately, this polymeric dual prodrug nanoparticles
system demonstrated excellent efficacy in eliminating FLS and
reducing inflammation in mouse model of RA.

2. Materials and methods
2.1.  Preparation and characterization of ** 7]NPDCJFLND

2.1.1.  Synthesis of HA—SS—NH,

1000 mg of HA was dissolved in 50 mL phosphate-buffered saline
(PBS) (0.01 mol/L, pH = 7.4), and EDC (0.505 g, 2.636 mmol)
and NHS (0.303 g, 2.636 mmol) were subsequently added into the
above solution under magnetic stirring for 2 h. Following this,
cystamine dihydrochloride (1.782 g, 7.909 mmol) was introduced
into the above solution and stirred for 24 h at room temperature.
Then, the resulting mixture solution was dialyzed against deionized
water for 48 h to obtain HA—SS—NH, through freeze-drying®.

2.1.2.  Synthesis of HA—SS—DC and HA—SS—LND

Hydrophobic modification of HA was achieved by establishing an
amide linkage between HA—SS—NH, and DC or LND*. Firstly,
40 mg of HA—SS—NH, was dissolved in 10 mL methanamide at
60 °C. Subsequently, 40 mg of LND or DC was dissolved in
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dimethylformamide (DMF) and added dropwise to the above so-
lution. The resulting mixture was stirred for 48 h. Following this,
the solution was dialyzed against deionized water for 48 h and
then underwent freeze-drying. The chemical structures of
HA—SS—NH,, HA—SS—LND, and HA—SS—DC conjugate were
determined by "H NMR spectroscopy (Bruker 400 MHz, Bruker
BioSpin, Rheinstetten, Germany).

2.1.3.  Preparation of NPpc,np and HAP_]NPDc+LND
HA—SS—LND and HA—SS—DC were dissolved in 2 mL meth-
anamide at 60 °C, followed by dropwise addition into PBS
(0.01 mol/L, pH = 7.4). Subsequently, the solution was dialyzed
against deionized water for 48 h and then freeze-dried. The
mixture of the two polymers was analyzed using UV -Vis spectra
(Shimadzu Corporation, Kyoto, Japan). The peptide sequences
were as follows: SFHQFARATLAS?®. The peptide was synthe-
sized by solid-phase synthesis®°. HAP-1 peptide was conjugated to
the free amino group of HA—SS—NH, by amide reaction after
magnetic stirring with equimolar amounts of EDC and NHS for
2 h, followed by dialysis with deionized water for 48 h and freeze-
drying. The morphology of the nanoparticles was characterized by
transmission electron microscopy (TEM, JEOL JEM-2100, Tokyo,
Japan). The size distribution and zeta potential of different
nanoparticles were measured using Zetasizer Nano ZS (Malvern,
UK). The stability of the nanoparticles over a period of 7 days at
pH 7.4 in PBS and their responsiveness under GSH conditions
were evaluated by TEM and dynamic light scattering (DLS).

2.2.  Invitro cytotoxicity assessment

FLS were seeded in 96-well cell culture plates at the density of
5 x 10? cells per well and incubated with various concentrations
of free DC, LND, and nanoparticles for 24 h at 37 °C in a hu-
midified atmosphere containing 5% CO,. Subsequently, the cell
viability was measured using a standard 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay on a
microplate reader (BioTek, Winooski, VT, USA).

2.3.  Cellular uptake of RhB-labeled NPpc.np and
HAP—1
NPpciinp

FLS were seeded in a confocal dish, and incubated medium
containing RhB-labeled NPpc., 1 np and AP~ 'NPp 1 np for 12 h.
After being cultured for 12 h, the cells were washed with PBS, and
stained by Hoechst 33342. Subsequently, the cells were immedi-
ately observed using confocal laser scanning microscopy (CLSM,
Nikon, Japan). Similarly, the cells were collected, and the mean
fluorescence intensity was detected by flow cytometry (BD
FACSCelesta, San Diego, CA, USA).

2.4.  Glucose content, lactic acid, and intracellular ATP levels
assay

FLS at a density of 1 x 10° per well were plated in a 6-well plate
and grown for 24 h. Subsequently, the cells were treated with
tumor necrosis factor « (TNF-a) (20 ng/mL) along with varying
concentrations of DC, LND, and nanoparticles for an additional
24 h. The levels of extracellular glucose, extracellular lactic acid,
and intracellular ATP content were quantified using respective
assay kits following the provided instructions.

2.5.  Measurements of cytokines level

FLS were pre-treated with different drugs and co-cultured with
RAW?264.7 in a transwell system with a 0.4 pm thick microporous
membrane. After being cultivated for 24 h, the supernatant was
collected from culture media and subjected to enzyme-linked
immunosorbent assay (ELISA) analysis for the secretion of iNOS,
TNF-e, or IL-18.

2.6.  Western blot analyses

To investigate the expression levels of related proteins after
various treatments, cellular lysis was performed using a lysis
buffer. The protein concentration was determined by the BCA
protein assay kit. Subsequently, the protein sample was mixed
with loading buffer and incubated for 10 min at 95 °C. It was then
subjected to SDS-PAGE loading buffer gel electrophoresis fol-
lowed by transfer to a polyvinylidene fluoride (PVDF) membrane.
The PVDF membrane was subsequently blocked with Tris Buft-
ered Saline with Tween-20 (TBST) containing 5% skim milk for
2 h. Following this, PVDF membranes were incubated overnight
at 4 °C with various primary antibodies, including GLUT-1, HK-2,
MMP-2, p65, IkBa, p-IkBa, 3-Tubulin and GAPDH. Then, PVDF
membranes were washed with TBST and incubated with the
secondary antibodies at room temperature for 2 h. Finally, visu-
alization of protein detection was achieved using an enhanced
chemiluminescence (ECL) kit.

2.7.  Evaluation of macrophage phenotype

FLS were seeded in Transwells with a 0.4 pm thick microporous
membrane and pre-treated with different drugs. RAW264.7 mac-
rophages were spread on the cell crawl sheet at the base of the 24-
well plate, and the Transwells were placed in the 24-well plate for
24 h. Subsequently, the cells were fixed with 4% paraformaldehyde
(PFA) for 10 min, permeated with 0.1% Triton X-100 at room
temperature for 20 min, incubated with anti-FITC-iNOS at room
temperature for 40 min, and finally stained with Hoechst 33342 for
15 min. Fluorescence imaging was conducted using confocal
microscopy.

2.8.  Collagen-induced arthritis (CIA) mouse model and
treatment protocols

Male DBA/1 J mice (6—8 weeks old) were obtained from
Guangzhou Qingle Life Science Co., Ltd. All animal experiment
procedures were ethically approved by the Institutional Animal
Care and Use Committee (IACUC) of Zhujiang Hospital (LAEC-
2023-151), Southern Medical University (Guangzhou, China), in
accordance with international guidelines.

A CIA model was established according to our previously re-
ported method®'. Briefly, male DBA/1 J mice aged 6—8 weeks
with similar body weight were selected to establish the mouse
model of CIA. An appropriate amount of bovine type II collagen
(CII) was emulsified with a complete Freund’s adjuvant and
injected into the base of each mouse’s tail. On Day 21, mice
received 100 pL of CII emulsified in incomplete Freund’s adju-
vant to boost the immune response. To monitor arthritis progres-
sion, ankle thickness was measured every three days by a
researcher using a vernier caliper. Besides, clinical scores were
assessed every three days after disease onset based on the
criteria®?,
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To investigate the therapeutic effect of CIA mice, treatment
was started on Day 30 after the initial immunization. On Day 30,
the mice were randomly assigned to 6 treatment groups (n = 5 per
group), including, saline, DC+LND, NPpc, NPy np, NPpc.nps
and """ INPL 1 np. A group of healthy mice was also designed
as a negative control. The medication was administered intrave-
nously every three days for a total of five doses.

2.9.  Invivo fluorescent imaging

For in vivo fluorescence imaging, Cy5-labeled NPpc jnp and
HAP*INPD(HLND were tail i.v. injected into CIA model mice.
Subsequently, the mice were anesthetized and placed on an animal
plate heated to 37 °C. The time-dependent biodistribution in mice
was imaged using an IVIS Spectrum in vivo imaging system
(PerkinElmer; Living Image Software) at 12, 24, 48, and 72 h after
injection with the excitation wavelength set at 640 nm. At 24 h
post-injection, the major organs (heart, liver, spleen, lung, and
kidneys) and inflamed paws were harvested from these mice to
quantitatively determine the ex vivo fluorescence intensity of
nanoparticles.

2.10.  Micro-CT analysis

The hind ankle joints were collected on Day 3 after the final
treatment, fixed in 4% PFA and subjected to scanning with the
assistance of Wuhan Doctor Biological Technology Co., Ltd.
(Wuhan, China). Subsequently, micro-CT imaging was performed
using a Skyscan 1276 scanner (Bruker BioSpin, Rheinstetten,
Germany) to acquire high-resolution three-dimensional re-
constructions of the hind ankle joints.

Scheme 1

2.11.  Histological and immunohistochemical studies

The hind ankle joints were harvested on Day 3 after the final
treatment and fixed with 4% PFA. Subsequently, the fixed hind
ankle joints underwent decalcification by changing 10% (w/v) tet-
rasodium EDTA solution daily for 2 weeks. Following decalcifi-
cation, the hind ankle joints were paraffin-embedded and sectioned
for subsequent staining with hematoxylin and eosin (H&E),
safranin-O, toluidine blue, GLUT-1, HK-2, and FAP-« staining.

2.12.  Statistical analysis

All results were presented as mean =+ standard deviation (SD).
Statistical significance between groups was analyzed using the
Student’s t-test or ANOVA of GraphPad Prism 8.0 software.

3. Result and discussion

3.1.  DC and LND inhibit glucose metabolism in FLS
synergistically

DC and LND are commonly utilized inhibitors of glucose meta-
bolism that impede cellular glucose uptake and inhibit intracel-
lular glycolytic enzyme activity by targeting GLUT-1 and HK-2,
respectively' 2. However, targeting a single component in the
glucose metabolism pathway may have limited efficacy.
Therefore, we combined DC with LND to explore their potential
synergistic effect on inhibiting survival, proliferation, and acti-
vation of FLS through metabolic modulation. Firstly, the inhibi-
tory effect of the combination treatment on FLS’ survival was
evaluated at different molar ratios after 24 h (Fig. 1A). As shown

Schematic illustration of synergistic metabolic modulation of FLS with targeted dual prodrug nanoparticles (HAP*lNPDc+LND)

to mitigate RA. (A) Schematic design of the HAP-1 peptide-modified polymeric dual prodrug nanoparticles ("~ 'NPpc. 1 np); (B) Upon i.v.
injection, "P7'NPpc_np would target the FLS in inflamed joints, triggering the release of DC and LND in response to the high GSH
microenvironment within FLS. The released DC blocks glucose uptake, while LND inhibits glycolytic enzymes, thereby synergistically sup-
pressing the survival, proliferation and activation of FLS. In addition, targeted metabolic regulation of FLS can reduce the secretion of pro-
inflammatory factors and lactic acid, thereby mitigating macrophage activation and regulating SME.
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Figure 1

DC and LND inhibit glucose metabolism in FLS synergistically. (A) Cytotoxicity study and (B) corresponding combination index

treated with dual drugs at different molar ratios of concentration; (C) Flow cytometric analysis of apoptosis in FLS treated with DC, LND, and
dual drugs; (D) Colony forming and (E) quantification of TNF-a-stimulated FLS treated with DC, LND, and dual drugs; (F) Western blot of
MMP-2 in TNF-a-stimulated FLS treated with DC, LND, and dual drugs; (G) Transwell assays of the invasion abilities of TNF-a-stimulated FLS
treated with DC, LND, and dual drugs; (H) The scratch assays and (I) quantitative analysis of the migration abilities of TNF-a-stimulated FLS
treated with DC, LND, and dual drugs; (J) Western blot of GLUT-1 and HK2 expression levels in FLS; (K) Extracellular glucose level,
(L) extracellular lactic acid level, and (M) intracellular ATP level of TNF-a-stimulated FLS after incubation with DC, LND, and dual drugs for
24 h. Data are shown as mean + SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

in Supporting Information Table S1, the combination treatment
exhibited significantly lower ICsy values compared to individual
drug treatments. Moreover, the combination index (CI) values
below 1 across various DC/LND ratios from 1:5 to 5:1 indicated
synergy between the two drugs (Fig. 1B). The most pronounced
synergistic effect was observed at a molar ratio of 2:1 for DC/

LND, with a CI of 0.64. Notably, at this ratio, the ICs, values
for DC and LND decreased to 147.1 and 73.6 pumol/L, respec-
tively, compared to when each drug was administered alone
(384.7 pmol/L for DC and 286.7 umol/L for LND) (Fig. 1A and
Table S1). Consequently, apoptosis of FLS increased to 31.6%
with this combination ratio as opposed to only achieving rates of
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18.8% for DC or 17.5% for LND alone (Fig. 1C). These results
confirm the synergistic inhibition effect achieved by combining
DC and LND, particularly at a ratio of 2:1 on FLS’ survival.

The synergistic effect of the two drugs at the optimal ratio on
inhibiting FLS’ proliferation and activation was subsequently
evaluated. Colony formation assays demonstrated a significant
inhibition of colony-forming ability in TNF-« stimulated FLS
(activated FLS) treated with DC+LND (22.8%) compared to
single-drug treatments (60.6% for DC, 67.1% tfor LND) (Fig. 1D
and E). Activated FLS are known to express and secrete metal-
lomatrix proteinases (MMPs) in inflamed joints of RA, leading to
the degradation of the basement membrane and extracellular
matrix, thereby promoting the invasion and migration of FLS*.
Western blot analysis showed a more significant decrease in
MMP-2 expression in DC+LND treatment compared to DC or
LND group (Fig. 1F and Supporting Information Fig. S1).
Consistent with these findings, DC+LND treatment exhibited the
best inhibition effect on FLS invasion (Fig. 1G). Additionally,
scratch assay results indicated that the suppression of FLS
migration was most pronounced after DC+LND treatment
(Fig. 1H and I). Therefore, the combination of the two drugs
exerts a synergistic effect on suppressing survival, proliferation,
and activation of FLS.

Subsequently, we combine DC and LND to investigate their
potential inhibitory effects on FLS survival, proliferation, and
activation by regulating glucose metabolism. Firstly, the expres-
sion levels of GLUT-1 and HK-2 proteins were examined through
Western blot analysis. Treatment with DC or LND alone resulted
in reduced expression of GLUT-1 and HK-2 in activated FLS,
respectively. In contrast, administration of DC+LND resulted in a
simultaneous down-regulation of GLUT-1 and HK-2 proteins,
with their expressions being 45.5% and 53.3% compared to the
TNF-«a group (Fig. 1J and Supporting Information Fig. S2).
Notably, the glucose uptake by FLS in DC and DC+LND groups
was decreased due to the GLUT-1 inhibition. However, in LND
group, there was an increase in glucose uptake attributed to the
compensatory mechanisms aimed at meeting cellular energy de-
mands following glycolytic enzyme inhibition®*** (Fig. 1K).
Furthermore, the generation of lactic acid and ATP from FLS as
downstream products of glucose metabolism was diminished in
both the DC (accounting for 77.8% and 43.5% of TNF-a group)
and LND (accounting for 84.7% and 53.9% of TNF-«a group)
groups. Particularly, in DC4+LND group, the extracellular con-
centration of lactic acid and intracellular level of ATP was further
decreased to 57.5% and 42.4% of TNF-a group, respectively
(Fig. 1L and M). In summary, the combination of the two drugs
can comprehensively intervene in glucose uptake and subsequent
glycolysis, thus inhibiting the glucose metabolism level of FLS to
suppress survival, proliferation, and activation.

3.2.  Preparation and characterization of dual prodrug
nanoparticles (HAP_]NPDc+LND)

Both DC and LND are characterized as hydrophobic drugs, which
exhibit rapid elimination from the body. Although the combina-
tion of two drugs can achieve dual-target therapy, their in vivo
distribution and pharmacokinetics differ, potentially limiting the
synergistic effect®. To efficiently deliver drugs to inflamed joints
at the above optimal ratio, the dual prodrug co-delivery polymeric
nanoparticles were engineered. Firstly, HA was modified by
cystamine to obtain HA—SS—NH, (Supporting Information
Fig. S3). Subsequently, a condensation reaction between DC or

LND with carboxyl groups on HA—SS—NH, resulted in the
synthesis of polymer-prodrug conjugates, namely HA—SS—DC or
HA—SS—LND. 'H NMR spectra showed the characteristic peak
of DC or LND in HA—SS—DC or HA—SS—LND respectively
(Supporting Information Fig. S4), indicating the successful prep-
aration of the polymer-prodrug conjugates. The drug coupling
efficiencies of HA—SS—DC and HA—SS—LND were measured
by high performance liquid chromatography (HPLC) to be
93 £ 02% and 119 + 0.4%, and the drug contents of
HA—-SS—DC and HA—-SS—LND were 8.5 =+ 02% and
10.6 £ 0.3%, respectively.

The self-assembly of amphiphilic HA—SS—DC and
HA—SS—LND conjugates into NPpc and NP np was achieved
using the emulsion-solvent evaporation method. Subsequently,
according to the above synergistic effect of DC/LND at different
ratios, the co-assembly of HA—SS—DC and HA—SS—LND into
NPpc.np Was fixed at a molar ratio of 2:1. TEM results exhibited
that the conjugates formed spherical nanoparticles (Fig. 2A). DLS
analysis showed that the average sizes of HA—SS—DC self-
assembled nanoparticles (NPpc), HA—SS—LND self-assembled
nanoparticles (NPpnp), and NPpc,inp were 2149 + 3.6,
1702 + 5.5, 1165 £ 1.72 nm, respectively (Fig. 2B and
Supporting Information Fig. S5), consistent with the TEM obser-
vations (Fig. 2A). The critical aggregation concentration (CAC)
values of NPpc, NPy np, and NPpc, 1 np Were measured to be 22.6,
7.8, and 5.2 pg/mL, respectively, ensuring the stability of the self-
assembly nanoparticles at low concentration (Fig. 2C and
Supporting Information Fig. S6). The UV - Vis spectra of NPpc and
NP np showed the characteristic absorption peaks of DC and LND
at 280 and 300 nm respectively, further validating the conjugation
of DC and LND within the nanoparticles. Besides, the UV-Vis
spectrum of NPpc,pnp showed the simultaneous appearance of
characteristic absorption peaks of DC and LND, affirming the co-
assembly of HA—SS—DC and HA-—SS—LND conjugates
(Fig. 2D). The drug contents of DC and LND in NPpc,np Were
5.94 £+ 0.1% and 3.19 £ 0.4%, respectively.

To facilitate enhanced accumulation of NPpc.np in the FLS
within inflamed joints, the HAP-1 peptide, known for its specific
binding effect on FLS™®, was synthesized (Supporting Information
Fig. S7) and subsequently conjugated onto the nanoparticle sur-
face. The morphology of HAP-1-conjugated NPpcipnp
(HAP_INPDc+LND) retained the spherical shape, with a slight in-
crease in particle size and a reduction in zeta potential compared to
NPpciinp (Fig. 2A and B). After labeling HAP-1 with
isothiocyanate-Rhodamine B (RhB), the UV-Vis spectrum of
HAP*INPDC%ND showed the characteristic absorption peak of RhB
at 560 nm, confirming successful modification of HAP-1 on the
nanoparticles (Fig. 2D). Both NPpc,np and HAP_INPDC+LND
exhibited robust stability in pH 7.4 PBS at 37 °C for 7 days,
ensuring their safety for application purposes (Fig. 2E and
Supporting Information Fig. S8).

The inflammatory environment in the inflamed joints induces a
heightened intracellular redox state in FLS?®. Consequently, di-
sulfide compounds, susceptible to cleavage in a highly intracel-
lular reductive microenvironment, were selected as the linker for
drug conjugation. Firstly, the disassembly process of
HAP 71NPDC+LND in a reductive environment was observed
through TEM. HAP’INPD(;+LND gradually disintegrated into
smaller fragments and aggregated into larger particles over 24 h
(Fig. 2F) in the presence of 10 mmol/L. GSH. This process could
be further supported by the change of the DLS signal of the
original HAP*'NPDC+LND at a single peak to dual peaks (Fig. 2G).
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Figure 2  Preparation and characterization of dual prodrug nanoparticles (HAP*INPDc+LND). (A) TEM of NPpc, NPy np, NPpcypnp, and
HAP ’INPD(}LND. Scale bars = 100 nm; (B) Hydrodynamic size and zeta potential determined of NPpc, NPpnp, NPpcipnp, and

HAP=INPhc1np; (C) The CAC of NPpc 1 np in PBS; (D) UV-Vis spectra of HA—SS—NH,, NPpc, NP; xp, NPpc1ams and 4P~ 'NPpe 1 nps
(E) The stability of "™P~'NPpc.;np in PBS 7.4 at 37 °C for 7 days; (F) TEM and (G) DLS analysis of the dissociation of "F~'NPpc np in
response to 10 mmol/L GSH for 0, 1, 6, and 24 h. (H) Cumulative drug release of HAP*INPDCJFLND at different conditions; Data are presented as

the mean + SD (n = 3).

Meanwhile, the drug release kinetics of HAP 71NPDCH‘ND showed
that less than 11.0% of DC and LND were released within 48 h in
PBS in the presence of 20 pmol/L GSH at pH 7.4 and 6.5 (pH 7.4:
simulate physiological conditions; pH 6.5: simulate inflammatory
microenvironment), whereas 78.5% of LND and 84.7% of DC
were released within the same time frame in PBS containing
10 mmol/L GSH at pH 5.5 (simulate the intracellular microenvi-
ronment of FLS), respectively (Fig. 2H). These results indicated
that "*P~'NPpc.  np exhibited robust stability under physiolog-
ical conditions and inflammatory microenvironment’’~®, while
facilitating prompted drug release specifically within articular
FLS, thus ensuring both the safety and efficacy of drug adminis-
tration. Besides, none of the four kinds of nanoparticles induce
any hemolysis of erythrocytes, demonstrating good biosafety
in vivo (Supporting Information Fig. S9).

3.3 Harp 71NPDc+LND modulate glucose metabolism in FLS
in vitro

The recognition and endocytosis of nanoparticles by FLS can be
mediated by HA through the CD44 receptor, resulting in a targeted
effect on FLS*. The modification of HAP-1 on NPpc, np further

enables the targeted recognition and adhesion of nanoparticles to
FLS, thereby improving drug uptake. Both NPpc,jnp and
HAP_]NPDc+LND were labeled with RhB and co-incubated with
FLS. RhB-labeled HAP 7'NPDc+LND exhibited superior cellular
uptake efficiency compared with RhB-labeled NPpc | np in FLS,
as confirmed by CLSM imaging (Fig. 3A and Supporting
Information Fig. S10) and flow cytometry (Supporting
Information Fig. S11). This increased internalization is antici-
pated to enhance the therapeutic efficacy. Consequently,
HAP— lNPDCHND demonstrated enhanced inhibition efficacy against
FLS compared to NPpc, 1 np and outperformed NPy np and NPpc
notably (Fig. 3B). The ICsy values of DC and LND in
HAP”NPDCHND against FLS for 24 h were measured to be
4.8 pmol/L and 2.4 pmol/L respectively, which are significantly
lower than those of NPpc (266.6 pmol/L) and NPpnp
(97.6 umol/L) alone, as well as NPpc,np (18.9 pmol/L for DC
and 9.4 umol/L for LND) (Fig. 3C).

The notable inhibitory effect of HAP_]NPDC+LND on FLS may
be attributed to its targeted suppression of glucose metabolism.
Western blot analysis revealed that the dual prodrug nanoparticles
effectively decreased the expression levels of GLUT-1 and HK-2
simultaneously. Particularly, the protein expression of GLUT-1 and
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Figure 3 HAP*]NPDQ,LND modulate glucose metabolism in FLS in vitro. (A) CLSM images of FLS uptake after incubation with NPpc 1 np
and "AP~INPpc. 1 np for 12 h; Scale bar = 20 pm; (B) Cytotoxicity and (C) ICsy of NPpc, NP ap, NPpcyinn, and PAP " 'NPpc 1 np; (D)
Western blot of GLUT-1 and HK-2 expression levels in TNF-a-stimulated FLS after incubation with NPpc 1 np and HAP"NPDCJrLND for 24 h;
(E) Extracellular glucose level and (F) extracellular lactic acid level of TNF-a-stimulated FLS after incubation with NPpcpnp and
HAP’INPDc+LND for 24 h; (G) Volcano plot showing DEGs in TNF-a group and HAP’INPnc+LND-treated groups; (H) Hallmark analysis of the
DEGs associated with glucose metabolism; (I) GO enrichment analysis of glucose metabolism-associated genes; (J) KEGG enrichment analysis of
glucose metabolism-associated genes; (K) Heat map of up-regulated and down-regulated genes associated with glucose metabolism in FLS after
HAP’INPDc+LND treatment; Data are shown as mean = SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, not
significant.

HK-2 in """ 'NPp. | np group was only 28.1% and 54.1% in that compared to NPpc pnp, leading to the diminished uptake of
of TNF-« group, respectively (Fig. 3D and Supporting Information glucose (extracellular glucose content was increased by 222.0%
Fig. S12). Consequently, HAP*'NPDCH_ND demonstrated a more compared with TNF-« group) (Fig. 3E) and secretion of lactic acid
pronounced reduction in the glucose metabolism activity of FLS (accounting for 58.4% of TNF-« group) (Fig. 3F).
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To further confirm the targeted modulation of glucose meta-
bolism of FLS to suppress survival, proliferation, and activation
by 4P 'NPpc. 1 np» RNA sequencing analysis on the FLS after
different treatments was conducted. A volcano plot was generated
to describe the differential expressed genes (DEGs) between the
HAP*]NPDC+LND group and TNF-« group (Fig. 3G). The DEGs
were filtered based on an absolute fold change >1.2 and a P adjust
<0.05 criteria. Venn diagram analysis revealed 62 glucose
metabolism-related hub genes (42 up-regulated and 20 down-
regulated) among the DEGs following HAP*'NPDc+LND
treatment (Supporting Information Fig. S13). To explore the
pathways and mechanisms involved in these hub genes, enrich-
ment analysis including Hallmark, Gene ontology (GO), and
Kyoto Encyclopedia of Genes and Genomes (KEGG) were
performed (Fig. 3H-J). As a result, these hub genes were found to
be enriched in glycolysis, mMTORCI signaling, programmed cell
death, cell cycle process, and AMPK signaling pathway. These
pathways are involved in mechanisms that affect cellular energy
metabolism, apoptosis, proliferation, and migration'*#%-**,
Moreover, the heatmap depicting the expression pattern of these
hub genes after different treatments was presented (Fig. 3K). In
particular, Hk-2'®, Pkm*, Ldha*®, and other critical glycolytic
enzyme genes showed significant down-regulation.

Overall, the above analyses further substantiate that the regu-
lation of glucose metabolism exerts inhibitory effects on the sur-
vival, proliferation, and activation of FLS.

3.3 Harp 7’NPDc+LND remodel the crosstalk between FLS and
macrophages in vitro

FLS can engage in crosstalk with macrophages to amplify
inflammation in SME of RA. Over-proliferated and activated FLS
contribute to elevated levels of lactic acid in the SME due to
elevated glucose metabolism. Lactic acid not only contributes to
the acidification of the SME but also promotes macrophage acti-
vation, leading to the production of pro-inflammatory factors>*’.
Consequently, these pro-inflammatory factors further activate FLS
to produce additional cytokines, chemokines, and tissue-
destroying factors®.

Therefore, to investigate the effect of modulating glucose
metabolism in FLS on the crosstalk with macrophages, FLS were
pre-treated with nanoparticles (600 pg/mL) and co-cultured with
RAW264.7 cells in Transwells for 24 h (Fig. 4A). Previous studies
have shown that lactic acid secreted from FLS can boost the
activation of Toll-like receptor 4 (TLR4) in macrophages and the
expression of inflammatory genes dependent on the NF-«xB
signaling pathway*’. Upon phosphorylation and degradation of
IkB, cytosol NF-kB translocates into the nucleus and binds to the
kB motifs in gene promoters, resulting in the upregulation of
inflammation-related genes (Fig. 4A)**°. Western blot analysis
(Fig. 4B and Supporting Information Fig. S14) along with heatmap
quantification (Fig. 4C) revealed reduced expression levels of
cytosolic NF-kB subunit p65 and IkBea, as well as increased
phosphorylation of IxB in macrophages of TNF-a group, indi-
cating activation of NF-«kB signaling pathway. In NPpc,; np and
HAP=INPLe,  ap groups, levels of cytosolic NF-kB subunit p63,
IkBa and phosphorylation IkB returned essentially to those
observed in the control group. These results demonstrated that the
synergistic modulation of glucose metabolism in FLS by
NPpcnp and HAP’INPDc+LND could inhibit the activation of
NF-«B pathway in macrophages. Inhibition of the NF-«xB signaling
pathway would attenuate macrophage polarization to pro-

inflammatory M1 phenotype****. CLSM revealed a notable
reduction in inducible nitric oxide synthase (iNOS) expression in
macrophages after HAP_]NPDc+LND treatment (Fig. 4D and
Supporting Information Fig. S15). ELISA analysis also showed a
significant decrease in iNOS expression on macrophages in both
NPpciinp (71.7%) and HAP7 NP, np  (44.3%)  groups
compared with TNF-« group (Fig. 4E). iNOS is known to promote
the release of inflammatory factors’’.  Consequently,
HAP*]NPDCH“ND treatment resulted in reduced TNF-« production,
which was only 84.2% of NPpc,np treatment group (Fig. 4F).
Besides, HAP*INPDC%ND treatment also led to a reduction in the
production of IL-18, accounting for only 48.5% of that seen in the
NPpc. Lnp group (Fig. 4G), further proving the targeted regulation
effect of HAP*]NPDCJrLND. FLS treated with a lower dose of
nanoparticles (480 pg/mL) showed similar trends (Supporting
Information  Fig. S16). These results indicated that
HAP71NPDC Linp can remodel the crosstalk between FLS and
macrophages through targeted modulation of glucose metabolism
in FLS, further alleviating inflammation.

3.5. HAP‘INPDCJrLND target FLS and alleviate arthritic
progression in CIA mice

The effective accumulation of drugs in the inflamed joints,
particularly in FLS, is crucial for enhancing drug efficacy in RA
therapy in vivo. Hence, a CIA mice model was established
(Fig. 5A). Then, NPpc 1 np and HAP*'NPDCH_ND were labeled
with Cy5, and their distribution in the CIA model was evaluated
through fluorescence imaging. Normal mice with minimal FLS
presence in the joints were used as controls. As shown in Fig. 5B,
RA model mice exhibited prominent Cy5 fluorescence in their
paws even after 48 h post-administration of NPpc,inp and
HAP=INPhc 1D, While negligible fluorescence signal was
detected in paws of normal mice after i.v. administration of
HAP*INPDC“ND (Supporting Information Fig. S17). To some
extent, this shows the targeting ability of nanoparticles to FLS in
RA. Moreover, model mice treated with HAP_]NPDC+LND
exhibited a significantly higher Cy5 fluorescence in the inflamed
joints compared to those treated with NPpc,jnp, indicating an
enhanced accumulation of HAP_]NPDCHJ\ID in these regions
(Fig. 5B-D). Meanwhile, while both nanoparticles accumulated
in the liver and kidney after 24 h, "™P7'NPpc, np showed
reduced accumulation in these organs and increased accumulation
specifically within the inflamed joints compared to NPpc.inp
(Supporting Information Fig. S18). To further explore the target-
ing capacity of "AP 'NPpc np towards FLS, anti-vimentin
antibody-labeled FLS (green fluorescent) was visualized using an
immunofluorescence microscope to observe the distribution of
nanoparticles in the inflamed joints. As shown in Fig. SE, Cy5-
labeled "*P~'NPpc  np displayed a more pronounced overlap
with green fluorescence of FLS compared to Cy5-labeled
NPpc,np- Fluorescence analysis further revealed a significant
co-localization of Cy5-labeled HAP*INPDCH‘ND with FLS (Pear-
son’s R = 0.95), surpassing the co-localization of Cy5-labeled
NPpc,np With FLS (Pearson’s R = 0.87) (Fig. SE). The pres-
ence of HA in NPpc.np facilitated its targeting ability towards
FLS by mediating nanoparticle recognition and endocytosis
through CD44 receptors within inflamed joints®’. Moreover, the
specific binding interaction between HAP-1 augmented both
nanoparticle targeting efficiency and their association with FLS.
Overall, these results suggested that due to the specific binding
interaction of HAP-1 with FLS, HAP*INPDCH‘ND possesses
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Figure 4

HAP 71NPDc+LND remodel the crosstalk between FLS and macrophages in vitro. (A) Schematic illustration of FLS with various

treatments affect macrophage phenotype assay; (B) Western blot and (C) heatmap quantification of NF-kB pathway in macrophages after various
treatments; (D) CLSM images of macrophage phenotypes after various treatments; Scale bar = 20 um; The expression level of (E) iNOS, (F)
TNF-a, and (G) IL-18 after various treatments. Data are shown as mean + SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, and

#EEEP < 0.0001. ns, not significant.

targeting capability towards FLS in the inflamed joints and may
enhance the therapeutics’ effectiveness for RA.

The therapeutic effectiveness of HAP*lNPDCH‘ND for RA
treatment was subsequently evaluated on the CIA animal model
(Fig. 5A). The treatment groups included normal, saline,
DC+LND, NPpe, NPinp, NPpciinp, and HAP?INPDC+LND~
In vivo imaging experiments revealed that nanoparticles were
cleared from the site of inflammation within about 72 h, so the
treatments were administered every three days for a total of five
sessions. No significant alterations in body weight were observed
during the treatment period, suggesting the safety profile of
nanoparticles (Supporting Information Fig. S19). Besides, H&E
staining of the vital organs (including the heart, liver, spleen,
lungs, and kidneys) showed no abnormalities in appearance, color,
and size (Supporting Information Fig. S20). Ankle diameters were
measured in mice, and clinical scoring was performed based on
established criteria to evaluate the treatment efficacy’>>% The
clinical index (CI) of HAP*'NPDc+LND group decreased to
approximately 1 by the end of the experiment, approaching that of
the normal group and surpassing those of DC+LND (CI = 4.16),
NPpc (CI = 5), NPLnp (CI = 5.33), and NPpcpnp (CI = 3.33)
groups (Fig. 5F and G). Furthermore, mice treated with

NPpcLnp and HAP’INPD(HLND exhibited significantly reduced
ankle thickness compared to DC+LND, NPpc, and NPy yp groups
(Fig. 5H and I). Notably, HAP*INPDCHND treatment exhibited the
smallest paw thickness, consistent with the CI data. Additionally,
macroscopic evaluation of the total hind ankle joints morphology
confirmed these findings (Fig. 5J). These results indicate that
HAP*INPDC%ND demonstrates superior therapeutic efficacy in RA
compared to the other treatment groups.

Subsequently, the hind ankle joints structure was evaluated for
disease severity in the CIA model using computed tomography
(CT) imaging. As shown in Fig. 5K, the saline group exhibited
evident characteristics of RA, including joint space narrowing,
osteoporosis, and bone degradation surrounding the joints. Both
free DC+LND and single prodrug nanoparticle treatments showed
only slight alleviation of these RA symptoms. In addition,
NPpc inp exhibited slight bone erosion. Remarkably, no in-
dications of osteoporosis were observed in HAP_]NPDC+LND
group, with smooth bone surfaces observed in the joints and heels,
indicating the absence of bone erosion. The CT results further
demonstrated that HAP_]NPDc+LND effectively prevented bone
destruction in RA, providing a compelling rationale for the syn-
ergistic and targeted therapeutic outcomes mentioned above.
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Figure 5 "*P~'NPpc.; np target FLS and alleviate arthritic progression in CIA mice. (A) The schematic illustration of the therapeutic timeline
in a CIA mouse model; (B) In vivo fluorescence images of CIA model mice at different time points after administration with Cy5-labeled
NPpc.pnp and CyS-labeled HAP’INPDc+LND; (C) Ex vivo fluorescence images and (D) quantitative analysis of mean fluorescence intensity of
paws 24 h after administration with NPpc,np and HAP?INPDC%ND; (E) Representative immunofluorescence image of NPpc jnp and
HAP=IN Ppc.Lnp distribution in FLS of the inflamed joints; Scale bar = 20 pum; (F) The clinical scores from arthritis onset to the end of therapy in
CIA mice; (G) The clinical scores of CIA mice on Day 45; (H) Hind ankle thickness from arthritis onset to the end of therapy in CIA mice; (I)
Hind ankle thickness of CIA mice on Day 45; (J) Representative images of inflamed paws at different treatment endpoints; (K) Computed to-
mography (CT) images of paws after different therapy; Data are presented as mean values £ SD (n = 3). *P < 0.05, **P < 0.01 and
P < 0.001.
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3.6. HAr 7INPDc+LND improve arthritic inflammation and
cartilage damage by FLS-targeted synergistic metabolic
modulation

To obtain a more comprehensive assessment of the synovial in-
flammatory infiltration and cartilage injury post-treatment, the
hind ankle joints of CIA mice were dissected for histological
analysis, including H&E, toluidine blue, and safranin-O staining

Figure 6

analyses. As shown in Fig. 6A, the saline group displayed pro-
nounced synovial hyperplasia and inflammatory infiltration in
stark contrast to the normal group, as evidenced by H&E staining.
The therapeutic effects of DC+LND, NPpc, and NP yp treat-
ments were relatively modest. In contrast, both NPpc,np and
HAP*]NPDC+LND exhibited excellent inhibition of synovial hy-
perplasia and inflammatory infiltration, attributed to their syner-
gistic suppression of glucose metabolism in FLS, thereby

HAP’INPDc+LND improve the arthritic inflammation and cartilage damage by FLS-targeted synergistic metabolic modulation. (A)

Histological analysis with H&E, (B) Toluidine blue, and safranin-O staining of a section of the hind ankle joints after various treatments; Scale
bar = 100 um; (C) The expression of GLUT-1, and HK-2 in synovial tissue of the hind ankle joints were detected by immunohistochemical
staining; Scale bar = 100 pm; (D) The expression of FAP-« in synovial tissue of the hind ankle joints were detected by immunohistochemical
staining; Scale bar = 100 um; (E) the CLSM images of M1-macrophage in synovial tissue; Scale bar = 40 pum.
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supporting anti-inflammatory and anti-proliferative effects.
Notably, the therapeutic effect of "AP!NPpc np is more
prominent than that of NPpc,np possibly because HAP-1 tar-
geting enhances FLS modulation. When comparing the cartilage
tissues with those from the normal group, RA-afflicted mice in
saline group displayed extensive erosion with severely compro-
mised structure by defects and attenuation. Key components such
as chondrocytes and glycosaminoglycan within cartilage were
significantly depleted, which are the hallmark features of RA
(Fig. 6B)**>. Treatment with DC+LND, NPp¢, and NP, \p did
not obviously ameliorate these pathological changes in RA
cartilage. Compared with NPpc 1 np, HAP*]NPDCJrLND interven-
tion reversed these pathological alterations more effectively,
restoring the cartilage’s structural integrity and component
composition to a state similar to that observed in normal mice.
These histological findings collectively underscored the remark-
able therapeutic outcome of HAP*lNPDc+LND treatment, closely
aligning with the aforementioned observational results.

To elucidate the mechanism of the improved arthritic inflam-
mation and cartilage damage by HAP*INPDCHHND treatment,
immunohistochemical stainings were performed on hind ankle
joint tissues. As shown in Fig. 6C, compared to normal mice, the
expression levels of GLUT-1 and HK-2 proteins in the synovium
of hind ankle joints were significantly increased in the saline
group, confirming the elevated glucose metabolism in RA models.
Notably, there was a significant reduction in GLUT-1 and HK-2
protein expressions observed in NPpc i np group, while
DC+LND, NPpc and NP np treatments only showed a slight
decrease. As expected, the expressions of GLUT-1 and HK-2
proteins in the synovial membrane in "AFP~'NPpc,inp group
resulted in lower levels of GLUT-1 and HK-2 proteins within the
synovial membrane compared to NPpc,np. Moreover, immu-
nohistochemical staining using FAP-« as a biomarker revealed an
abundance of activated FLS within inflamed joints>®. As shown in
Fig. 6D, HAP*INPD@_LND treatment led to a significant reduction
in activated FLS count when compared with other groups, indi-
cating that the targeted and synergistic inhibition of glucose
metabolism can deplete FLS effectively. Furthermore, the effects
of nanoparticles on macrophage phenotypes within the SME were
further explored. M1 macrophages were identified with FITC-
CD86 (green fluorescence) labeling. By comparing the different
treatments, it was observed that the expression level of CD86 was
lowest in the HAP*INPDc+LND group, proving the reduced infil-
tration of pro-inflammatory macrophages in the SME (Fig. 6E).
Therefore, HAP_]NPDc+LND not only regulate glucose metabolism
of FLS to eliminate FLS but also remodel arthritic SME for the
prevention of synovitis.

4. Conclusions

We initially confirmed the synergistic inhibitory effect on FLS’
survival, proliferation, and activation by combining two inhibitors
of glucose metabolism (DC and LND), particularly at a ratio of
2:1. Subsequently, a HAP-1 peptide-modified polymeric dual
prodrug nanoparticles system (HAP*INPDCH‘ND) was tailored at
the optimal synergistic ratio for targeted and synergistic modula-
tion of glucose metabolism in FLS to mitigate RA. The
HAP*INPDCHND facilitated the specific release of DC and LND
within FLS in inflamed joints through HAP-1-mediated targeting
mechanism, capitalizing on the reductive microenvironment pre-
sent within FLS. The combination of DC and LND effectively

deprived the glucose source of FLS while disrupting its glycolytic
enzymes, leading to a pronounced synergic inhibition of glucose
metabolism that ultimately inhibited FLS survival, proliferation
and activation. Furthermore, HAP*INPDC%ND reduced the secre-
tion levels of inflammatory factors and lactic acid from FLS
in vitro, weakening the activation of pro-inflammatory macro-
phages. The in vivo results demonstrated that HAP*INPDc+LND
achieved excellent targeted and synergistic metabolic modulation
specifically in FLS by reducing the infiltration of pro-
inflammatory macrophages and preventing cartilage damage in
the CIA model. This study spotlighted the promising potential of
HAP=INPLc, i np as a targeted approach for synergistically
modulating metabolism in FLS, providing new insights for
designing RA therapy based on metabolic intervention.
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