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Purpose: Rheumatoid arthritis (RA) is a highly prevalent form of autoimmune disease that affects nearly 1% of the global population
by causing severe cartilage damage and inflammation. Despite its prevalence, previous efforts to prevent the perpetuation of RA have
been hampered by therapeutics’ cytotoxicity and poor delivery to target cells. The present study exploited drug repositioning and
nanotechnology to convert metformin, a widely used antidiabetic agent, into an anti-rheumatoid arthritis drug by designing poly(lactic-
co-glycolic acid) (PLGA)-based spheres. Moreover, this study also explored the thermal responsiveness of the IL-22 receptor, a key
regulator of Th-17, to incorporate photothermal therapy (PTT) into the nanodrug treatment.

Materials and Methods: PLGA nanoparticles were synthesized using the solvent evaporation method, and metformin and
indocyanine green (ICG) were encapsulated in PLGA in a dropwise manner. The nanodrug’s in vitro anti-inflammatory properties
were examined in J744 and FLS via real-time PCR. PTT was induced by an 808 nm near-infrared (NIR) laser, and the anti-RA effects
of the nanodrug with PTT were evaluated in DBA/1 collagen-induced arthritis (CIA) mice models. Further evaluation of anti-RA
properties was carried out using flow cytometry, immunofluorescence analysis, and immunohistochemical analysis.

Results: The encapsulation of metformin into PLGA allowed the nanodrug to enter the target cells via macropinocytosis and clathrin-
mediated endocytosis. Metformin-encapsulated PLGA (PLGA-MET) demonstrated promising anti-inflammatory effects by decreasing
the expression of pro-inflammatory cytokines (IL-1p, IL-6, and TNF-a), increasing the expression of anti-inflammatory cytokines (IL-
10 and IL-4), and promoting the polarization of M1 to M2 macrophages in J774 cells. The treatment of the nanodrug with PTT
exhibited more potent anti-inflammatory effects than free metformin or PLGA-MET in CIA mice models.

Conclusion: These results demonstrated that PLGA-encapsulated metformin treatment with PTT can effectively ameliorate inflam-
mation in a spatiotemporal manner.

Keywords: rheumatoid arthritis, drug repositioning, nanoparticles, photothermal therapy

Introduction

Rheumatoid arthritis (RA), a chronic autoimmune disease, impacts millions of individuals globally, leading to cartilage
deterioration, bone damage, and severe joint pain.' Although the root cause of RA remains elusive, the progression of RA
can best be explained as an interplay of multiple inflammatory cascades.”> A major inflammatory event includes the
overexpression of pro-inflammatory cytokines, such as TNF-a and IL-6, which triggers synovial inflammation and joint
destruction.” Macrophages are the most prominent cells found in inflamed synovium, and they can be classified into two
types depending on their polarization state: classically activated M1 phenotype (inflammatory) and alternatively activated
M2 phenotype (anti-inflammatory). Enhanced interferon signaling in inflamed regions promotes the activation of the M1
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phenotype, which leads to increased production of inflammatory cytokines.> Contrastingly, M2 phenotype macrophages
are mainly involved in anti-inflammatory responses and stimulate the production of anti-inflammatory cytokines, such as
IL-4 and IL-10. Because polarization of the M1 to M2 phenotype itself is dependent on the presence of anti-inflammatory
cytokines, increasing the number of M2 macrophages is important to combat RA.%’

In addition to macrophages, inflammatory T cells and fibroblast-like synoviocytes (FLS) contribute to the perpetua-
tion of rheumatoid arthritis.*'° Th-17, a major inflammatory T cell, is characterized by the production of IL-17 and IL-
22, potent inflammatory cytokines that recruit neutrophils, monocytes, synovial fibroblasts, and macrophages. The
production of these molecules results in joint inflammation and increased production of Th-17, leading to a positive
feedback loop.'" The pronounced effect of IL-17 knockout on the reduction of joint inflammation has been observed in
the animal models of arthritis, suggesting the importance of Th-17 downregulation in anti-RA therapeutic strategies.'? '
Similarly, FLS present in the inflamed synovium produce inflammatory cytokines and proteases that lead to cartilage
degradation. Patients develop a unique phenotype of FLS in which the cells display increased migration into the

extracellular matrix and further perpetuate inflammation.'”
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Common treatment strategies for RA include disease-modifying anti-rheumatic (DMARDs) and non-steroidal anti-
inflammatory drugs (NSAIDs).>'> These drugs aim to ameliorate RA by either downregulating the production of
inflammatory cytokines or targeting RA-inducing cells.® Although these agents display promising results in laboratory
settings, they are often associated with gastrointestinal distress, dyspepsia, and low half-life.'®!” Furthermore, many
patients exhibit limited response to anti-RA drugs due to the emergence of drug resistance, calling for the need for novel
anti-RA agents.'® Recently, drug repositioning, which involves the process of discovering new indications of pre-existing
drugs for use in a different disease, has garnered significant interest.'” Using drug repositioning approaches, scientists
have identified several FDA-approved drugs that may be promising candidates for RA treatment. Among them is
metformin, an oral antidiabetic drug that is widely used to treat type II diabetes.”’' Besides its anti-hyperglycemic
properties, metformin exhibits many anti-inflammatory effects.'® Furthermore, many preclinical studies have demon-
strated that metformin can slow the progression of RA via several mechanisms.?*

Despite its promising anti-inflammatory properties, metformin-based RA treatment is associated with poor biost-
ability under physiological conditions.”® In our bodies, metformin exists as a highly soluble base because of its
hydrophilic amine and imine groups. As a result, the half-life of metformin is approximately five hours, which is
remarkably lower than the ideal half-life of oral drugs.?”-*® Moreover, because of its hydrophilicity, passive diffusion of
metformin via the plasma membrane is very limited.”” Hence, maintaining an effective level of metformin in our bodies
requires repeated administration of the drug at high concentrations. However, the excessive accumulation of metformin
increases the risk of gastrointestinal side effects.”” The oral administration of metformin in patients with RA led to the
development of gastrointestinal conditions, notably abdominal pain, flatulence, and diarrhea.”” Given these undesired
pharmacokinetic properties, metformin can only be suggested as a potential add-on therapy to pre-existing NSAIDs and
DMARD:s.

A promising approach for addressing poor pharmacokinetics is the application of nanoparticles as a drug delivery
system. Due to the enhanced permeability and retention (EPR) effect, inflamed tissues and regions selectively accumulate
nanoparticles, leading to targeted drug delivery.*® Moreover, the encapsulation of drugs into nanoparticles leads to
improved drug solubility, half-life, and membrane penetration.’' The resulting compounds exhibit remarkable stability
and possess a substantial drug-loading capacity, thereby enabling the potential encapsulation of a combination of
therapeutic agents, such as indocyanine green (ICG), for photothermal therapy (PTT).**** Upon near-infrared (NIR)
irradiation, ICG acts as a photothermal agent by converting the optical energy of NIR into thermal energy.** The recent
advances in nanotechnology have led to the development of novel drug delivery systems, such as liposomes, polymers,
and magnetic nanoparticles to target RA.*>7 Among them, poly(lactic-co-glycolic acid) (PLGA) is one of the most
effective polymeric nanoparticles that has been approved by the FDA owing to its biocompatibility and
biodegradability.®? Although PLGA is widely used as a drug delivery system for RA, no study has attempted to
encapsulate metformin into PLGA for anti-RA therapy. Some examples of non-PLGA encapsulated metformin com-
pounds include metformin—loaded PEGylated solid lipid nanoparticles and metformin-loaded microbubbles.***’

In the present study, metformin was encapsulated in PLGA to explore its anti-inflammatory efficacy. PLGA-
Metformin (PLGA-MET) exhibited notable anti-RA effects by downregulating the production of pro-inflammatory
cytokines (TNF-a, IL-1pB, IL-6), upregulating the expression of anti-inflammatory cytokines (IL-10, and IL-4), and
promoting the repolarization of M1 to M2 macrophages. Notably, in the process of investigating the downregulation of
Th-17 precursors, it was discovered that the thermal responsiveness of the IL-22 receptor (IL-22R), in which treatment
with NIR laser led to decreased expression of the IL-22 receptor. Since IL-22R is an important regulator of Th-17 cells
that suppress the expression of IL-17, it was hypothesized that the application of NIR to PLGA-MET would lead to more
potent anti-RA effects.***! Therefore, ICG was encapsulated in PLGA-MET (PLGA-MET-ICG) to induce PTT by
developing hyperthermal environments in inflamed regions upon exposure to NIR laser. As expected, PLGA-MET-ICG
significantly inhibited the expression of IL-22R in J774 cells and displayed more potent anti-inflammatory effects than
PLGA-MET in the arthritic mouse model. Since no previous studies have exploited the thermal responsiveness of IL-22R
or the encapsulation of metformin in PLGA for RA therapy, our study is the first to demonstrate a powerful novel

combination of chemotherapy, immunotherapy, and PTT for ameliorating RA.

International Journal of Nanomedicine 2023:18 hetps: 7269
Dove:


https://www.dovepress.com
https://www.dovepress.com

Kim et al Dove

Materials and Methods

Synthesis of Polymeric Nanoparticles

Poly lactic-co-glycolic acid (PLGA) nanoparticles were prepared using the solvent evaporation method with
modifications.*? Acid-terminated 50:50 poly(p; -lactide-co-glycolide) purchased from Durect (A17-080) was dissolved
in acetone (5 mg/mL) and then added dropwise into 1% poly vinyl alcohol (Sigma, USA). The mixture was emulsified
using a sonicator (Misonix S-4000) for 30s at 30% amplitude. The remaining acetone was evaporated using a rotary
evaporator (Heidolph Laborota 4000), and the resulting PLGA-containing solution was centrifuged at 17,000xg for 10
minutes at 4°C.

Loading of Metformin and ICG to PLGA

Metformin hydrochloride (Sigma, USA) and indocyanine green (USP, USA) were dissolved in distilled water at
a concentration of 50 pg/uL, then slowly added to 1% PVA solution before the addition of PLGA. The mixture was
emulsified for 15s at 30% amplitude, followed by the dropwise addition of PLGA. The resulting solution was
concentrated via centrifugation, as stated earlier, and the supernatant was collected for physicochemical analysis. The
final volume of samples was 2 mL.

Physiochemical Analysis

The concentration of PLGA nanoparticles was quantified by measuring the absorbance at 700 nm using a UV-VIS
spectrophotometer (Biochrom, Libra S50) according to the manufacturer’s instructions. The amount of the encapsu-
lated metformin was determined by measuring the absorbance of the supernatant at 232 nm. The previously

constructed standard curves for PLGA and metformin were used to extrapolate the final concentrations of each

total amount of metformin—unencapsulated amount of metformin
total amount of metformin x 100 (Ta—ble

&).43 The hydrodynamic sizes and surface charges of the synthesized nanoparticles were measured using a Zetasizer

solution. Encapsulation efficiency was calculated as the

(Anton Paar, Litesizer™ 500). The synthesized nanoparticles were examined at high resolution using TEM, F30,
Tecnai, USA).

Cell Culture

The J774 cell line was purchased from the American Type Culture Collection. J774 cells were cultured in Dulbecco’s
modified Eagle’s medium (Gibco) containing 10% non-heated fetal FBS and 1% penicillin/streptomycin at 37 °C with
5% CO,. J774 cells obtained from passages 9 to 12 were used in this experiment. T cells were isolated from 4-6-week-old
male DBA/I mice (Orient Bio, Seoul, Korea) using the EasySep ™ (CD4" CD62L" T cell isolation kit, StemCell) mouse
T cell isolation protocol. Mouse spleen tissues were pulverized, and red blood cells were removed using RBC lysis buffer
(BioLegend, United Kingdom). T cells present in minced splenocytes were isolated using magnetic beads from the
EasySep "™ isolation kit. T cells were cultured in Roswell Park Memorial Institute 1640 medium (Gibco) containing 10%
heated FBS, 1% penicillin/streptomycin, 100 mM sodium pyruvate, 50 mM 2-mercaptoethanol, 50 mg/mL gentamycin,
and 100 mM NEAA at 37°C with 5% CO,. All T cells were used within 30 h of isolation.

Cellular Uptake of PLGA Nanoparticles

J774 cells were seeded on poly-p-lysine-coated coverslips at a density of 1x10° and incubated overnight. The cells were
stimulated with either 10 ng/mL of TNF-a or 50 ng/mL of LPS for 2 h, followed by treatment with 500 ng/mL of DiO-
encapsulated PLGA for 2 h. Subsequently, cells were incubated with various cellular uptake pathway inhibitors (50 uM
EIPA, 200 uM GEN, and 20 uM CPZ, Sigma) for 2 h. The samples were fixed with 2% paraformaldehyde in the
appropriate medium at 4 °C overnight. The cellular uptake of PLGA-DiOs by J774 cells was analyzed using confocal
fluorescence microscopy EVOS M7000, Invitrogen). The endocytic pathways of the nanoparticle were quantified using
flow cytometry.
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Detection of Inflammation-Related Markers

Inflammatory and anti-inflammatory cytokine expressions were measured using quantitative real-time PCR (Bio-Rad,
CFX 384), according to the manufacturer’s protocol. FLS or J774 cells were seeded at a density of 5x10° per well in six-
well plates. For the analysis of pro-inflammatory cytokines, the cells were pretreated with appropriate drugs for 2 h and
then treated with 50 ng/mL of LPS or TNF-a for 12 h. For anti-inflammatory cytokines and M2 macrophage markers,
cells were pretreated with 50 ng/mL of LPS or TNF-a for 2 h and then treated with appropriate compounds. Total RNA
was extracted from FLS or 774 cells using QIAzol® lysis reagent (79,306, QIAGEN, Germany), followed by reverse
transcription into cDNA using RT Premix (Promega, USA) at 45°C for 60 min and at 95°C for five min. The synthesized
cDNA samples were analyzed for target genes using the primer sequences listed in Table S2, with GAPDH as the
housekeeping gene. The cycle threshold (Ct) values were quantified using CFX 384 Real-Time PCR Detection System
(Bio-Rad), and the 2" method was used to calculate the relative expression of each target gene.** For the detection of
IL-22R, T cells were seeded at a density of 5x10° per well in 24-well plates. Cells were pretreated with 0.5 pg/mL of
PLGA-MET-ICG for 2 h, followed by treatment with a 650 mW laser (LDH808, 808 nm wavelength) attached to a beam
expander (Ronar-Smith), as shown in Figure S1, for 30s. After 2 h of incubation, total RNA was extracted as described
previously.

Construction of CIA Models

All animal experiments were conducted in accordance with the guidelines of Gachon University’s Center of Animal Care
and Use (IRIS #:12919200). Four-to-six-week-old male DBA/1 mice weighing 20-25 g were purchased from Orient Bio
(Korea). For acclimatization, mice were maintained in a climate-controlled, pathogen-free environment at 22 °C under 12
h light/ 12 h dark cycle for seven days. Arthritis was induced in mice according to the protocol described by Brand et al
for the development of CIA mice models.*> A mixture of complete Freund’s adjuvant (100 pg of Mycobacterium
tuberculosis; 7009, Chondrex, USA) and 100 pg of bovine type II collagen (20,021, Chondrex, USA) was subcuta-
neously introduced, followed by an injection of a mixture of incomplete Freund’s adjuvant and 100 pg of bovine type 11
collagen after three weeks. After the initial signs of arthritis on day 28, mice were randomly assigned into the following
five groups: saline, saline + laser, metformin, PLGA-MET, and PLGA-MET-ICG (n=5 per group).

Treatment of CIA Models and Evaluation of Arthritis Severity

The extent of RA was evaluated every five days based on a previously established guide for scoring arthritis severity.*’
Scores of 0, 1, 2, 3, and 4 indicate no visible inflammation, mild swelling of one or two toes, mild swelling of an entire
paw or three or more inflamed toes, swelling of an entire paw, and severe swelling of an entire paw and all toes,
respectively. At the start of treatment (day 28), each group had initial average arthritis scores between 2.8 and 3, and
10 mg/kg metformin was injected intraperitoneally twice per week for 21 days.***” Each paw of the saline + laser and
PLGA-MET-ICG groups were exposed to an 808 nm NIR laser (650 mW) for 60s on the day after the nanoparticle
injection. At the end of the experiment, the mice were euthanized, and their tissues, organs, and blood samples were
collected for further study. For histological analysis, two sets of inflamed joints from each group were fixed using 4%
paraformaldehyde for three days at 4°C, followed by decalcification using a decalcifying solution (Sigma) for two weeks
at room temperature. The decalcified ankle joints were paraffinized and then isolated to obtain slices with a thickness of 3
pm. The isolated tissues were stained with hematoxylin and eosin (H&E) and Safranin-O solution (Saf-O) to assess
lymphocyte infiltration and cartilage damage, respectively. The kidney, spleen, heart, lung, and liver samples were
collected and weighed to assess in vivo safety. Blood samples were collected from the eye sockets to evaluate the levels
of alanine aminotransferase (ALT), aspartate aminotransferase (AST), creatinine, blood urea nitrogen (BUN), hemoglo-
bin, red blood cells, platelets, and white blood cells.

Immunofluorescence Analysis
To analyze the features of RA, mice were euthanized 24 h after the first injection, and ankle joint samples were prepared
as previously described. Sectioned samples were deparaffinized and incubated with the following primary antibodies:
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CD3e (Invitrogen, USA; MA5-16762), IL-22R (Abcam, Cambridge, UK; ab203211), TNF-o (Abcam, Cambridge, UK;
ab1793), F4/80 (Abcam, Cambridge, UK; ab6640), CD86 (Invitrogen, USA; 13-0862-82), and Dectin-1 (Abcam,
Cambridge, UK; ab140039). Subsequently, the samples were treated with the following secondary antibodies: anti-
mouse IgG Alexa Fluor 594 (Abcam, Cambridge, UK; ab150116) for TNF-a; anti-rabbit IgG Alexa Fluor 488 (Abcam,
Cambridge, UK; ab150077) for CD86 and Dectin-1; anti-rat IgG Alexa Fluor 594 (Abcam, Cambridge, UK; ab150160)
for F4/80; and anti-rat IgG Alexa Fluor 488 (Invitrogen, USA; PA1-84761) and anti-rabbit IgG Alexa Fluor 594
(Invitrogen, USA; A-11012) for IL-22R. The incubated samples were visualized under a confocal microscope (EVOS
M7000; Invitrogen).

Immunological Assessment of Anti-RA Effects of PTT

T cells were isolated from the spleens of healthy DBA/1 mice and CIA models (control, saline, metformin, PLGA-MET,
and PLGA-MET-ICG groups) after 24 days following the first injection using an isolation protocol described previously.
Isolated T cells were labeled with anti-T-bet (Abcam, Cambridge, UK; ab953657) and anti-IL-17 (Abcam, Cambridge,
UK; ab189377) antibodies targeting Th1l and Th-17, respectively. The proportion of Th-1 and Th-17 cells was measured
by fluorescence-activated cell sorting.

Statistical Analysis
Statistical significance was analyzed using Student’s #-test for two sample groups and one-way analysis of variance
(ANOVA), followed by Tukey’s multiple comparison test with * p < 0.05, ** p < 0.01, and *** p < 0.001.

Results

Characterization of PLGA Nanoparticles

Metformin hydrochloride and ICG were conjugated to PLGA via emulsification and sonication (Figure 1a). Transmission
electron microscopy (TEM) images revealed spherical structures with diameters of approximately 80 nm, confirming the
successful formation of the PLGA-MET complexes (Figures 1b, S2). In UV-VIS, Metformin and ICG had characteristic
absorbance peaks around 232 and 800 nm, respectively,*®*’ and the absorbance peaks near 232 and 800 nm for PLGA-
MET and PLGA-MET-ICG (indicated by dashed lines) supported the presence of metformin and ICG in the resulting
PLGA nanoparticles (Figure 1c). The successful loading of metformin and ICG in PLGA was further corroborated by
Fourier Transform Infrared Spectroscopy (Figure S3). The average hydrodynamic sizes of the free PLGA, PLGA-MET,
and PLGA-MET-ICG were 145, 176, and 180 nm, respectively (Figure 1d). The subsequent increase in hydrodynamic
size was attributed to the loading of metformin and ICG into the free PLGA particles. The surface charge of free PLGA
was negative due to the negatively charged carboxyl group, whereas free metformin and ICG exhibited relatively neutral
surface charges (Figure 1d). Accordingly, the conjugation of neutral metformin to PLGA led to the development of
PLGA-MET with an overall negative surface potential (Figure 1d). The light-absorbing properties of ICG were tested
using thermal imaging. Notably, the treatment of PLGA-MET-ICG with NIR laser for five minutes increased the
surrounding temperature by 6°C (Figure le and f). The release behavior of PLGA nanoparticles was characterized by
an in vitro release study,’® in which the NIR laser treatment led to a faster, greater release of nanoparticles in J774 cells
(Figure 1g). Importantly, metformin was dissociated more readily in acidic environments that mimic those of inflamed
joints.

Cellular Uptake of Nanoparticles

To understand how PLGA nanoparticles are engulfed by the target cells, the cellular uptake of PLGA by J774 cells was
investigated (Figure 2a). Among many endocytic pathways, most polymeric nanoparticles pass the plasma membrane via
three major pathways: caveolae-mediated endocytosis, clathrin-mediated endocytosis, and macropinocytosis.’’ Prior to
treating J774 cells with endocytic pathway inhibitors, DiO, a green fluorescent dye, was encapsulated into PLGA as
a visualizing agent. Subsequently, J774 cells were pretreated with inhibitors of caveolae-mediated endocytosis (GEN),
clathrin-mediated endocytosis (CPZ), and macropinocytosis (EIPA) to identify the major endocytic pathways of the
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Figure | Characterization of physiochemical properties of synthesized nanodrugs. (a) Synthesis of PLGA-MET and PLGA-MET-ICG. Metformin and ICG were dissolved in
distilled water and simultaneously conjugated to PLGA via emulsification. (b) TEM images of PLGA with and without metformin and ICG encapsulation. The visible change in
morphology suggests the successful encapsulation of metformin and ICG. Scale bar = 20 nm. (c) UV-VIS analysis showing characteristic peaks for metformin (232 nm) and
ICG (790 nm). (d) Average hydrodynamic sizes and zeta (electric) potentials of the synthesized nanodrugs. An increase of 3| nm and 4 nm in the average size was observed
after the conjugation of metformin and ICG, respectively. (e) Changes in the temperature of solutions with and without ICG upon treatment with NIR. (f) Thermal imaging
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nanodrug. Live cell imaging revealed that the nanodrug primarily penetrated the cell via macropinocytosis and clathrin-
mediated endocytosis, as indicated by the relative lack of co-localization of the fluorescent signals (Figure 2b).
Fluorescence-activated cell sorting (FACS) further corroborated that the nanoparticles entered the cells via clathrin-

mediated endocytosis and macropinocytosis but depended more heavily on macropinocytosis (Figure 2c).

Anti-Inflammatory Effects of PLGA-MET in vitro

Given the known anti-inflammatory properties of metformin, its ability to downregulate inflammation when encapsulated
into PLGA nanoparticles has been evaluated.'® To test this hypothesis, inflammatory models in which 774 cells and FLS
were stimulated by LPS or TNF-a to develop M1 phenotype, were treated with free PLGA, metformin, and PLGA-MET.
Upon treatment, the mRNA expression levels of pro-inflammatory cytokines (IL-1p, IL-6, and TNF-a)) were reduced by
both free metformin and PLGA-MET in a concentration-dependent manner in J774 (Figure 3b). The most profound effect
was observed in TNF-a levels, in which the cytokine expression was significantly reduced. Likewise, metformin and
PLGA-MET increased the expression of anti-inflammatory cytokines IL-10 and IL-4 (Figure 3c). However, the two
compounds did not increase the level of IL-10 in a concentration-dependent manner. Moreover, the treatments induced
the repolarization of M1 to M2 macrophages, as shown by the increase in the level of the M2 macrophage marker, Arg-1
(Figure 3c¢).>* Upon 2 pg/mL treatment of PLGA-MET, the expression of Arg-1 almost increased by 10 folds in J774
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Figure 3 Evaluation of anti-inflammatory effects of PLGA-MET on |774 via real-time PCR. (a) lllustration of the effect of the nanodrug on inflammatory cytokines and
macrophage polarization. (b) The effect of PLGA-MET on pro-inflammatory cytokines (IL-1pB, IL-6, and TNF- ). J774 cells were stimulated with 50 ng/mL of LPS and then
incubated with different compounds. PLGA-MET led to the downregulation of the expression of all inflammatory cytokines. (c) The effect of PLGA-MET on anti-
inflammatory markers (Arg-1, IL-10, and IL-4). J774 cells were first incubated with appropriate chemicals and then stimulated with 50 ng/mL of LPS. Treatment with PLGA-
MET led to a higher increase in the expression of anti-inflammatory cytokines than that observed with free metformin. The data is presented as mean + SEM (n = 3). *p <
0.05, *p < 0.01, and ***p < 0.001.

cells. Similar trends were observed in FLS, in which the treatment of PLGA-MET notably decreased the expression of
pro-inflammatory cytokines (Figure 4). In all aspects, PLGA-MET exhibited more potent anti-RA effects than free
metformin, even at much lower concentrations. This observation highlights the importance of encapsulating metformin
into PLGA particles to allow metformin to effectively penetrate the plasma membrane.

Inactivation of IL-22 Receptor by PLGA-MET Combined with PTT

The inhibitory effects of PLGA-MET-ICG on IL-22R were investigated using T cells present in the mouse spleen.
Isolated T cells were incubated at 37°C for 2 h with 0.5 pg/mL and then treated with NIR laser (808 nm) for up to five
minutes. Compared to T cells that were not incubated with PLGA-MET-ICG, the expression of IL-22R was significantly
reduced in T cells pretreated with the nanodrug after NIR irradiation (Figure 5b). Furthermore, PLGA-MET-ICG-based
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Figure 4 Evaluation of anti-inflammatory effects PLGA-MET on FLS via real-time PCR. (a) lllustration of the effects of the nanodrug on inflammatory cytokines and
macrophage polarization. (b) The effect of PLGA-MET on pro-inflammatory cytokines (IL-1pB, IL-6, and TNF- o). FLS were stimulated with 50 ng/mL TNF-a and then
incubated with different compounds. PLGA-MET led to the downregulation of the expression of all inflammatory cytokines. The data are presented as mean + SEM (n = 3).
*p < 0.05 and **p < 0.01.

PTT downregulated the expression of IL-22R in a time-dependent manner, with the relative expression of IL-22R
reaching almost zero after five minutes (Figure 5b). On the other hand, no notable changes in the level of IL-22R were
seen in the untreated T cells, illustrating the importance of ICG’s role as a photothermal agent. To verify whether PTT
specifically targeted IL-22R, we measured the changes in the expression of CD23, a housekeeping receptor gene in
mammals. No changes in the level of CD23 upon NIR irradiation would suggest IL-22R’s unique thermal responsive-
ness. After laser treatment, the relative levels of CD23 in T cells remained primarily unchanged, indicating that PTT only
targets IL-22R (Figure 5b). These results demonstrate that IL-22R, an important precursor of Th-17 cells, can be
specifically downregulated via PTT, ultimately suggesting that the PLGA-MET-ICG treatment with PTT can greatly
counteract inflammation in joints.

Anti-RA Efficacy of PLGA-MET with PTT

Arthritic severity scores in the CIA mouse model were measured to evaluate the anti-RA effects of the nanodrug in vivo.
After initial signs of arthritis in CIA models, the mice were administered intraperitoneal injections of PBS, free
metformin, PLGA-MET, and PLGA-MET-ICG (10 mg metformin/kg) twice per week (Figure 6a).”> Seven days after
the first injection, clear reductions in the arthritic scores of the PLGA-MET- and PLGA-MET-ICG-treated mice were
observed (Figure 6¢). Minimal reductions in inflammation were observed in the metformin- and saline-treated groups,
whereas the arthritic scores increased in the saline + laser-treated group. The trend observed in the saline + laser group
demonstrates that PTT requires a photothermal agent to be delivered to the sites of inflammation. The paw scores for the
PLGA-MET- and PLGA-MET-ICG-treated groups decreased at a similar rate, but the PLGA-MET-ICG-treated group
had the lowest average arthritic score at the end of the experiment (Figure 6¢). These findings indicate that PTT enhances
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Figure 5 Thermal inactivation of IL-22R in mouse T cells. (a) Schematic representation of amelioration of RA via thermal inactivation. (b) Analysis of mMRNA expression of
IL-22R and CD23 via real-time PCR. Mouse T cells were isolated from the spleens of healthy DBA/I mice and then treated with PLGA-MET-ICG, followed by NIR laser (808
nm) treatment. The expression of IL-22R and the duration of PTT displayed a strong, negative correlation. CD23, a receptor housekeeping gene, was used to confirm the
specific thermal inactivation of IL-22R. The data are presented as mean = SEM (n = 3). **p < 0.0] and ***p < 0.001.

the anti-inflammatory effects of PLGA-MET. The anti-inflammatory effects of PLGA-MET with PTT were also visible in
the paw images, in which the paws and toes of the PLGA-MET- and PLGA-MET-ICG-treated groups showed reduced
swelling over time (Figure S4). Spleen samples were collected at the end of the experiment to further evaluate the
efficacy of the nanodrugs. Spleen samples were used to examine the numbers of Th1l and Th-17, which have been studied
as markers of RA. FACS results revealed that the percentages of Thl and Th-17 in the spleen were significantly
decreased in the PLGA-MET-ICG-treated group (Figure 7). The levels of Th-1 and Th-17 were also reduced in the
PLGA-MET-treated group; however, the levels were higher than those in the PLGA-MET-ICG group. Furthermore, the
percentages of Thl and Th-17 in the metformin-treated group remained unchanged or increased compared to those in
healthy mice.

Immunohistological Evaluation of Anti-Inflalmmatory Effects

Immunohistochemical analyses were conducted to further confirm the anti-RA effects of the nanodrugs (Figure 6b). The
mice were euthanized 24 days after the first injection, and the inflamed joint slices were prepared and stained with
hematoxylin and eosin (H&E), safranin-O (Saf-O), M1 and M2 macrophage markers, TNF-a, and IL-22R. H&E staining
revealed hyperplastic synovium in the ankle joints of mice that were not treated with NIR. In contrast, H&E staining of
the PLGA-MET-ICG-treated group revealed a non-hyperplastic synovium that almost resembled that of healthy mice.
Furthermore, Saf-O staining illustrated notable cartilage destruction (as indicated by narrowing of the joint space) in the
non-NIR-treated groups, whereas cartilage samples of the PLGA-MET-ICG-treated groups showed no sign of joint space
narrowing. Immunofluorescence images revealed clear reductions in TNF-a levels in joint samples treated with PLGA-
MET-ICG and PTT compared to those in other groups (Figure 8a). Similarly, confocal microscopy images showed that
PLGA-encapsulated metformin promoted M1 — M2 macrophage repolarization (Figure 8b). Clear reductions in CD86
(M1 marker) and elevations in Dectin-1 (M2 marker) levels were visible in joint samples treated with PLGA-MET and
PLGA-MET-ICG. Furthermore, immunofluorescence images showed a decrease in IL-22R only in joint samples treated
with PLGA-MET-ICG and PTT (Figure 8c).
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Figure 6 Anti-RA effects of PLGA-MET-ICG with PTT on CIA mice models. (a) Schematic illustration of the animal experiment. (b) Representative images of paws,
hematoxylin & eosin (H&E) staining, and Safranin-O (Saf-O) staining. Joint samples were obtained from healthy mice and CIA mice treated with saline, free metformin, PLGA-
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Figure 8 Immunofluorescence analysis. Joint samples were isolated and incubated with appropriate antibodies to visualize the progression of RA in inflamed regions via confocal
microscopy. (@) Immunofluorescence staining for TNF-a. (b) Evaluation of Ml — M2 macrophage repolarization. F4/80 was used as a macrophage marker, CD86 as an M| marker,
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In vivo Safety Evaluation

Major organs (liver, kidney, heart, spleen, and lungs) and blood samples were analyzed to assess the safety of PLGA
nanoparticles (Figures S5 and S6). The injection of PLGA particles did not lead to significant changes in the mass of the
major organs. Moreover, the levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea
nitrogen (BUN), creatine, hemoglobin, red blood cells, and platelets remained consistent across the different treatment

types.

Discussion

Despite recent progress in comprehending the pathogenesis of RA, it continues to pose a significant threat to the overall
health of numerous individuals. Many attempts have been made to attenuate autoimmune arthritis; however, these are
complicated by poor pharmacokinetic properties and side effects of therapeutics, highlighting the need for novel anti-RA
agents.”*>> Recently, drug repositioning has emerged as a gateway to transform and optimize pre-existing therapeutics
for new uses. This study aimed to exploit drug repositioning to develop an effective and novel agent for the attenuation of
RA. The search led to the examination of metformin, an antidiabetic agent that has been reported to reduce
inflammation.”*** Despite its anti-inflammatory properties, metformin has not been used to treat RA because it readily
dissociates in the human body owing to its strong hydrophilic properties. To overcome this issue, metformin was
encapsulated in poly PLGA nanoparticles to synthesize PLGA-MET with a mean diameter significantly smaller than
those reported in previous studies, which may serve as an advantage when the nanodrug enters the target cells
(Figure 1d).°° The encapsulation of metformin into nanoparticles successfully protected it from degradation and allowed
the nanodrug to cross the membrane via macropinocytosis and clathrin-mediated endocytosis (Figure 2). Therefore, the
findings suggest that the encapsulation of metformin into PLGA can help overcome the poor cellular delivery of
metformin owing to its hydrophilic amine and imine groups.>’**

Cytokines are critical signaling molecules that can either exacerbate or downregulate inflammation.”” Pro-
inflammatory cytokines are produced by M1 macrophages and FLS, and are involved in the up-regulation of inflamma-
tory responses that cause pain and swelling in inflamed regions.”® The major pro-inflammatory cytokines involved in RA
include IL-1B, IL-6, and TNF-a.® In contrast, anti-inflammatory cytokines, such as IL-10 and IL-4 exhibit potent anti-
inflammatory effects by acting as inhibitors of pro-inflammatory cytokines or downregulating the transcription of pro-
inflammatory molecules.’® Therefore, suppressing the expression of pro-inflammatory cytokines while increasing the
expression of anti-inflammatory cytokines is crucial for the treatment of RA, as demonstrated by Khang et al.>' In this
study, PLGA-MET exhibited potent anti-inflammatory effects at the cellular level by downregulating the expression of
major pro-inflammatory cytokines, upregulating the expression of anti-inflammatory cytokines, and inducing the
polarization of M1 to M2 macrophages (Figures 3 and 4). Importantly, PLGA-MET consistently exhibited more potent
anti-RA effects than free metformin, which highlights the importance of the use of PLGA nanoparticles as a drug
delivery system. The findings indicate that PLGA-MET can mitigate the current side effects of metformin in patients with
RA, which stem from the administration of high, repeated doses of metformin to achieve anti-RA outcomes.'®!”
Interestingly, free PLGA also showed low to moderate anti-inflammatory effects (especially on the three pro-
inflammatory cytokines, calling for the need for further investigation into the intrinsic behavior of PLGA in the
inflammatory sites (Figure 3a and b).

Apart from inflammatory cytokines, Th-17 is also a key player in the perpetuation of RA."" Th-17 produces and
activates IL-17, a potent pro-inflammatory cytokine that recruits neutrophils.'' Hence, inhibiting the production of Th-17
can remarkably ameliorate symptoms of RA. However, previous studies have reported difficulties in downregulating Th-
17 in animal models, which has led to the examination of the suppression of the expression of Th-17 precursors.”***° To
first confirm the increase in the Th-17 population in the inflamed synovium, joint samples of collagen-induced arthritis
(CIA) mice models were analyzed (Figure S7). As expected, a sharp increase in the levels of Th-17 was observed,
corroborating that the inhibition of Th-17 can ameliorate RA. While testing various approaches to inactivate Th-17
precursors, the thermal responsiveness of the 1L-22 receptor (IL-22R), an important downstream regulator of Th-17, has
been discovered.*! Specifically, creating a hyperthermal environment via a NIR laser downregulates the expression of IL-
22R. To induce the development of hyperthermal environments in the inflamed regions, ICG was added to PLGA-MET,
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in which the dye displayed promising thermal abilities (Figure le and f). As expected, PLGA-MET-ICG-incubated
T cells displayed a decrease in IL-22R expression after laser treatment (Figure 5b). Furthermore, no changes in the
expression of CD 23 indicated that NIR laser treatment specifically inactivates IL-22R (Figure 5b). This is a crucial
finding because it enables the downregulation of inflammation in a spatiotemporal manner via PTT. However, no
experiments were performed to decipher the molecular mechanism underlying the role of IL-22R in the perpetuation
of RA, necessitating further investigation.

Based on such findings, the anti-RA efficacy of PLGA-MET with PTT was tested in animal models. The LDH808
Laser (650 mW, power 975 mJ / cm?) was chosen as the source of NIR to maintain a balance between reaching the target
area and avoiding damage in healthy cells.®’ The combination of PTT and PLGA-MET treatment led to a significant
reduction in inflammation and cartilage damage in the joints of CIA mice, to the point where the paw samples of PLGA-
MET-ICG-treated mice and healthy mice were almost indistinguishable (Figure 6 and S4). Notably, although the free
metformin-treated group also showed moderate anti-inflammatory effects, the extent of the reduction in swelling was
much lower than that in the two PLGA-MET-treated groups. The limited efficacy of free metformin was clearly visible in
the paw images in which three or more toes remained swollen at the end of the experiment (Figure 6b, S4). This
observation highlights the inadequacy of metformin alone in mitigating inflammation, underscoring the significance of
employing PLGA as a drug carrier to enhance plasma membrane penetration.’’ The analysis of Th-1 and Th-17 levels in
CIA mice spleens revealed the levels of these cells in the PLGA-MET-ICG group were almost as low as those in healthy
mice (Figure 7). Similar to Th-17 cells, Th-1 cells recruit pro-inflammatory cytokines (IFN-y and IL-2) and stimulate
bone destruction by producing osteoclasts.*>® These results demonstrate that the incorporation of PTT into PLGA-MET
was crucial for achieving the most potent anti-RA effects. The in vivo safety analyses indicated the absence of cytotoxic
effects of the nanodrugs in mouse models (Figures S5 and S6). This indicates the intraperitoneal injection of nanopar-
ticles did not affect healthy tissues or organs. However, some abnormalities were observed in the white blood cells,
specifically in the monocytes, basophils, and eosinophils (Figure S6). These results may be attributed to the inherent
differences among individual CIA mouse models. However, follow-up experiments are required to explain these
phenomena, especially because these white blood cell indicators are linked to the development of inflammatory
diseases.**

The nanodrug and PTT’s anti-inflammatory effects were also observed in immunohistological analyses. In the joint
samples of CIA mice, PLGA-MET-ICG-treated groups showed no sign of joint space narrowing (Figure 6b). Joint space
narrowing serves as an indicator of advanced arthritis because cartilage inflammation leads to a reduction in the gap
between the bones within a joint.®> Immunofluorescence analysis revealed three major trends in the joints of PLGA-MET
- and PLGA-MET-ICG-treated mice: 1) the reduction of TNF-a, a key pro-inflammatory cytokine that perpetuates RA, 2)
the increase in Dectin-1 and decrease in CD86 levels, and 3) the decrease in IL-22R signals (Figure 8). The observation
that anti-RA effects were solely apparent in the two PLGA samples underscores the significance of encapsulating
metformin within the nanoparticle structure. Also, the level of IL-22R decreased the most in the PLGA-MET-ICG-treated
joints, demonstrating that the incorporation of PTT into PLGA-MET was crucial for achieving the most potent anti-RA
effects.

Conclusion

In summary, we developed PLGA-MET-ICG as a powerful anti-RA drug, in which its anti-inflammatory effects can be
maximized by PTT. This study presents two major conclusions: 1) the use of PLGA nanoparticles as a drug carrier is
important in delivering metformin to target cells and 2) the incorporation of PTT is imperative to realize optimum anti-
RA effects. Although this study did not outline the molecular mechanism of IL-22R thermal inactivation, it can be
reasonably hypothesized that PTT downregulates the expression of IL-22R, causing a reduction in the Th-17 population.
Further studies are required to elucidate the role of IL-22R in RA pathogenesis. Nevertheless, this study establishes
a crucial, foundational step in harnessing the thermal attributes of immune cell regulators and nanotechnology to forge
innovative and potent therapeutic avenues for addressing RA.
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