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Abstract
Rheumatoid arthritis (RA) is a chronic autoimmune disease marked by synovitis and cartilage destruction. The 
active compound, icariin (ICA), derived from the herb Epimedium, exhibits potent anti-inflammatory properties. 
However, its clinical utility is limited by its water insolubility, poor permeability, and low bioavailability. To address 
these challenges, we developed a multifunctional drug delivery system—adipose-derived stem cells-exosomes 
(ADSCs-EXO)-ICA to target active macrophages in synovial tissue and modulate macrophage polarization from M1 
to M2. High-performance liquid chromatography analysis confirmed a 92.4 ± 0.008% loading efficiency for ADSCs-
EXO-ICA. In vitro studies utilizing cellular immunofluorescence (IF) and flow cytometry demonstrated significant 
inhibition of M1 macrophage proliferation by ADSCs-EXO-ICA. Enzyme-linked immunosorbent assay, cellular 
transcriptomics, and real-time quantitative PCR indicated that ADSCs-EXO-ICA promotes an M1-to-M2 phenotypic 
transition by reducing glycolysis through the inhibition of the ERK/HIF-1α/GLUT1 pathway. In vivo, ADSCs-EXO-
ICA effectively accumulated in the joints. Pharmacodynamic assessments revealed that ADSCs-EXO-ICA decreased 
cytokine levels and mitigated arthritis symptoms in collagen-induced arthritis (CIA) rats. Histological analysis and 
micro computed tomography confirmed that ADSCs-EXO-ICA markedly ameliorated synovitis and preserved 
cartilage. Further in vivo studies indicated that ADSCs-EXO-ICA suppresses arthritis by promoting an M1-to-M2 
switch and suppressing glycolysis. Western blotting supported the therapeutic efficacy of ADSCs-EXO-ICA in RA, 
confirming its role in modulating macrophage function through energy metabolism regulation. Thus, this study not 
only introduces a drug delivery system that significantly enhances the anti-RA efficacy of ADSCs-EXO-ICA but also 
elucidates its mechanism of action in macrophage function inhibition.
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Introduction
Rheumatoid arthritis (RA) is a chronic autoimmune dis-
ease characterized by synovitis and cartilage destruction 
[1]. The principal etiological factors include an imbal-
ance between pro-inflammatory macrophages (M1-type) 
and anti-inflammatory macrophages (M2-type) in syno-
vial tissues, which triggers a cascade of inflammatory 
responses. Macrophages are crucial in the pathogenesis 
of RA [2], interacting with both non-immune cells (fibro-
blast-like synoviocytes and chondrocytes) and immune 
cells (T-cells, neutrophils, and lymphocytes) to exacer-
bate synovial inflammation and bone erosion [3–5]. An 
increase in M1-type macrophages in the synovial lining 
acts as an early indicator of synovitis in RA [6]. These 
macrophages serve as antigen-presenting cells, initiating 
T-cell-dependent B-cell activation and the production of 
pro-inflammatory cytokines. M1-type macrophages pro-
duce inflammatory factors, such as tumor necrosis fac-
tor (TNF)-α, interleukin (IL)-1β, and IL-6, and express 
inducible nitric oxide synthase (iNOS). This cascade 
accelerates bone resorption and destruction, worsen-
ing RA progression. Persistent polarization of synovial 
M1-type macrophages is a key mechanism underlying 
synovial inflammation and bone destruction in RA. In 
contrast, M2-type macrophages secrete anti-inflamma-
tory factors, such as IL-10 and transforming growth fac-
tor (TGF)-β, and express Arginase 1 (Arg1). Although 
current treatments for RA are somewhat effective [7, 8], 
they are not without significant side effects and adverse 
reactions, highlighting the urgent need for new therapeu-
tic options.

Icariin (ICA), the primary bioactive constituent of the 
Chinese herb Epimedii Folium, is widely utilized in the 
treatment of RA and other osteoarticular diseases [9–11]. 
Extensive research has demonstrated its multifaceted 
benefits, including the promotion of bone formation, 
inhibition of bone resorption, and modulation of various 
signaling pathways [12–16]. Additionally, ICA promotes 
macrophage polarization to the M2-type by inhibit-
ing the nuclear factor kappa-B (NF-κB) signaling path-
way, thereby providing a protective effect [17]. ICA also 
attenuates particle-induced inflammation and osteolysis 
by downregulating the NF-κB pathway and inhibiting 
M1-type polarization [18]. However, its clinical applica-
tion is constrained by its poor water solubility and low 
bioavailability.

Adipose-derived mesenchymal stem cells (ADSCs) 
have advantages, such as easy accessibility, high yield, 
high proliferation rate, ability to differentiate into dif-
ferent tissues and cells, and strong immunomodulatory 
ability [19–21]. Exosomes are increasingly utilized for 
the delivery of small molecule drugs, natural compounds, 
proteins, and RNAs, benefiting from their non-immuno-
genic, non-infusion toxic properties, and lack of tumori-
genic potential [22]. Adipose-derived stem cell exosomes 
(ADSCs-EXO) are more stable, smaller and less likely 
to provoke an immune response than ADSCs [19, 23]. 
Recent studies have explored using milk exosomes and 
bone marrow mesenchymal stem cell exosomes (BMSCs-
EXO) loaded with ICA to facilitate the repair of cartilage 
and bone damage [13, 14]. Over the past decades, there 
has been novel evidence that exosomes are effectual 
players in the pathological mechanisms of autoimmune 
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diseases such as RA [24, 25]. While some studies have 
noted the anti-inflammatory and immunomodulatory 
effects of ADSCs-EXO in treating RA by modulating 
macrophage polarization [26], the use of ADSCs-EXO 
loaded with ICA for RA treatment through macrophage 
polarization modulation has not yet been documented.

M1-type macrophages primarily rely on glycolysis 
for energy metabolism, ensuring a rapid energy sup-
ply [27]. Activated M1-type macrophages can increase 
the levels of intermediate metabolites such as succinic 
acid (SA), citric acid (CA), and lactic acid (LA), which 
are crucial components of the tricarboxylic acid cycle 
[27]. Enhanced glycolysis and mitochondrial rupture 
lead to the reprogramming of glucose metabolism in 
macrophages, shifting them from a resting state to the 
pro-inflammatory M1-type and triggering an intensified 
inflammatory response [25]. Furthermore, macrophage 
glycolysis increases intermediate metabolites, upregu-
lates glycolytic enzymes such as hexokinase (HKII) and 
glucose-6-phosphate dehydrogenase (G6PD), and pro-
motes inflammatory responses [28]. In RA, the ERK/
HIF-1α/GLUT1 signaling pathway appears to play a 
crucial role in the polarization of M1-type macrophages 
[23, 29]. Increased intermediate metabolites like SA 
and CA stabilize HIF-1α, enhancing the transcriptional 
expression of M1-type macrophage effector molecules 
[30]. Elevated HIF-1α not only increases the transcrip-
tion of genes related to the macrophage glycolysis path-
way (GLUT1) but also regulates enzymes necessary for 
macrophage glycolysis, such as lactate dehydrogenase A 
(LDHA), hexokinase type II (HKII), and pyruvate kinase 
isozyme typeM2 (PKM2), which promote macrophage 
polarization towards the M1-type and thus exacerbate 
RA [31].

In summary, both ADSCs-EXO and ICA have the capa-
bility to modulate macrophage polarization. However, it 
is unclear whether these two agents synergistically con-
tribute to inhibiting macrophage glycolysis and regulat-
ing macrophage glycolytic reprogramming during the RA 
process. Consequently, we have developed a multifunc-
tional drug delivery system, ADSCs-EXO-ICA, to co-
deliver drugs that modulate macrophage polarization and 
validate drug efficacy in RA (Fig. 1A and B, and 1C).

Results
Preparation and characterization of ADSCs-EXO and 
ADSCs-EXO-ICA
ADSCs-EXO, extracted by ultracentrifugation, exhibited 
characteristic cup-shaped morphology as observed by 
TEM (Fig. 2A). The particle size measured by NTA was 
approximately 134.5 nm, with a concentration of 3.9E + 6 
particles/mL (Fig.  2B-C), consistent with typical exo-
some dimensions. Western blot (WB) analysis confirmed 
the presence of exosome markers TSG101, CD9, and 

CD63, validating the successful isolation of ADSCs-EXO 
(Fig. 2G).

Furthermore, ADSCs-EXO-ICA were characterized 
using TEM, NTA, and WB. TEM analysis indicated that 
ADSCs-EXO-ICA maintained the typical lipid bilayer 
structure, suggesting that the exosome structure was 
intact post-drug loading (Fig.  2D). NTA results showed 
that drug loading had a minimal impact on the particle 
size of ADSCs-EXO-ICA, which measured approxi-
mately 177.6  nm (Fig.  2E-F). WB results demonstrated 
that the biological functions of the exosomes were pre-
served following drug incorporation (Fig. 2G).

ADSCs-EXO-ICA was prepared by incubating ADSCs-
EXO with ICA at a 1:1 ratio (w/w), achieving a maximum 
encapsulation rate of 92.4 ± 0.008% as determined by 
HPLC (Fig. 2H-I). Additionally, we labeled ADSCs-EXO 
with PKH67 and co-incubated these labeled exosomes 
with M1-type macrophages for 8  h to assess cellular 
uptake. The results indicated that the mean fluorescence 
intensity (MFI) in the ADSCs-EXO-ICA group was 
higher than that in the ADSCs-EXO group (Fig.  2J and 
K), confirming increased cellular uptake efficiency of 
ADSCs-EXO-ICA by M1-type macrophages following 
loading with ICA.

ADSCs-EXO-ICA modulation of macrophage polarization 
and inflammation in vitro
iNOS (M1 marker) and CD86 (M1 marker) were ana-
lyzed using immunofluorescence (Fig.  3A and C) and 
flow cytometry (Fig.  3B and D) to assess the anti-
inflammatory effects of ICA, ADSCs-EXO, and ADSCs-
EXO-ICA on M1-type macrophages. Compared to the 
LPS + IFN-γ group, the expression of iNOS and the 
number of M1-type macrophages (F4/80 + CD86+) were 
significantly reduced by ICA, ADSCs-EXO, and ADSCs-
EXO-ICA, indicating that ADSCs-EXO-ICA may inhibit 
the polarization of macrophages towards the M1 phe-
notype. Furthermore, ADSCs-EXO-ICA more effec-
tively suppressed iNOS expression and the percentage of 
M1-type macrophages than either ICA or ADSCs-EXO 
alone. These results suggest that ADSCs-EXO-ICA can 
effectively inhibit the inflammatory response in M1-type 
macrophages induced by LPS + IFN-γ, demonstrating the 
benefits of synergistic drug delivery.

Subsequently, we measured the levels of inflamma-
tory cytokines (TNF-α and IL-6) and an anti-inflamma-
tory cytokine (IL-10) in the cell supernatants following 
treatment with the different formulations (Fig.  3E-F). 
The LPS + IFN-γ group showed significantly increased 
secretion of TNF-α and IL-6 and decreased levels of 
IL-10 compared to the Blank group. In contrast, the 
groups treated with ICA, ADSCs-EXO, and ADSCs-
EXO-ICA significantly reduced the levels of TNF-α 
and IL-6 and increased IL-10 levels, particularly in the 
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ADSCs-EXO-ICA group. Corresponding to the effects 
on M1-type macrophages, ADSCs-EXO-ICA was more 
effective in reducing inflammatory cytokines and enhanc-
ing IL-10 levels than ICA or ADSCs-EXO alone. These 
findings indicate that ADSCs-EXO-ICA can inhibit the 
secretion of pro-inflammatory factors and promote the 
secretion of anti-inflammatory factors by macrophages in 
vitro (Fig. 3G).

ADSCs-EXO-ICA modulates macrophage polarization via 
the ERK1/2/HIF-1a/GLUT1 pathway in vitro
The molecular mechanisms underlying the anti-inflam-
matory response of ADSCs-EXO-ICA were explored 
through RNA sequencing, revealing 11,661 intersecting 
potential targets related to the treatment of the M1-type 
macrophage inflammatory response (Fig.  4D). The vol-
cano plot indicated that ADSCs-EXO-ICA upregulated 
164 genes and downregulated 469 genes in M1-type 
macrophages (Fig. 4C). Differential gene clustering analy-
sis suggested that the ERK1/2 cascade and hypoxic pro-
cesses are closely linked with ADSCs-EXO-ICA’s ability 

to mitigate inflammation induced by M1 macrophages 
(Fig.  4B). HIF-1α, a critical factor in hypoxic processes 
[32], and ERK1/2, a key member of the MAPK family 
[33, 34], are known to regulate the expression of HIF-1α 
[35]. Subsequent GO enrichment analysis for biological 
processes (BP), molecular functions (MF), and cellular 
components (CC) identified the top three BPs as regula-
tion of primary metabolic processes and negative regu-
lation of biological processes. These results indicate that 
ADSCs-EXO-ICA can modulate the metabolic processes 
associated with M1-type macrophages (Fig.  4E). KEGG 
analysis further suggested that the molecular mecha-
nisms of ADSCs-EXO-ICA are linked to the MAPK, 
HIF-1α, and glycolysis signaling pathways (Fig.  4A). 
GLUT1, involved in glucose metabolism and the 
immune response [36, 37], is regulated by HIF-1α, which 
in turn can inhibit glycolysis [38]. Thus, the ERK1/2/
HIF-1a/GLUT1 pathway is significantly influenced by 
ADSCs-EXO-ICA.

Therefore, we examined the expression of p-ERK1/2, 
HIF-1α, glycolysis-related mRNA (GLUT1, HKII, 

Fig. 1  (A-C) The drug delivery system—adipose-derived stem cell exosomes (ADSCs-EXO) loaded with icariin (ICA)—synergistically inhibits M1-type 
macrophage inflammation induced by lipopolysaccharide (LPS) and interferon-gamma, as well as the arthritic symptoms in collagen-induced arthritis 
(CIA) rats. ADSCs-EXO-ICA adjust macrophage polarization by inhibiting glycolysis mediated by the ERK1/2/HIF-1α/GLUT1 pathway
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G6PD, and LDHA), TNF-α (M1-type marker), and 
TGF-β (M2-type marker) in vitro using RT-qPCR. The 
LPS + IFN-γ group showed a significant increase in the 
expression of p-ERK1/2 (Fig.  5A), HIF-1α (Fig.  5B), 

glycolysis-related mRNA (GLUT1, HKII, G6PD, and 
LDHA) (Fig.  5C and F-H), and TNF-α, and a decrease 
in TGF-β expression compared with the blank group. 
However, the groups treated with ICA, ADSCs-EXO, 

Fig. 2  Characterization of ADSCs-EXO and ADSCs-EXO-ICA using TEM, NTA, and Western Blot. (A, D) TEM images of ADSCs-EXO and ADSCs-EXO-ICA. (B, C, 
E, and F) NTA characterization of ADSCs-EXO and ADSCs-EXO-ICA. (G) Western Blot analysis of ADSCs-EXO and ADSCs-EXO-ICA. (H, I) Encapsulation rate of 
ADSCs-EXO-ICA determined by HPLC. (J) Quantitative analysis of the average fluorescence intensity for both ADSCs-EXO and ADSCs-EXO-ICA. Data were 
expressed as mean ± SD (n = 3, *p < 0.05 vs. the ADSCs-EXO group). (K) Immunofluorescence imaging of PKH-67-labeled ADSCs-EXO and ADSCs-EXO-ICA
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and ADSCs-EXO-ICA significantly reduced the expres-
sion of p-ERK1/2, HIF-1α, glycolysis-related mRNA, 
and TNF-α, and increased the expression of TGF-β, par-
ticularly in the ADSCs-EXO-ICA group. Furthermore, 
we assessed the levels of glycolysis-related intermedi-
ary metabolites and enzymes (Succinic acid, Citric acid, 
G6PD, and HKII) in the cellular supernatant by ELISA. 

The LPS + IFN-γ group significantly increased the levels 
of Succinic acid, Citric acid, G6PD, and HKII compared 
with the blank group (Fig. 5I-L). Conversely, the groups 
of ICA, ADSCs-EXO, and ADSCs-EXO-ICA significantly 
lowered the levels of these substances compared with the 
LPS + IFN-γ group. ADSCs-EXO-ICA more effectively 
mitigated glycolysis levels than either ADSCs-EXO or 

Fig. 3  ICA, ADSCs-EXO, and ADSCs-EXO-ICA reduce macrophage polarization towards the M1-type, particularly ADSCs-EXO-ICA. (A) Expression of iNOS 
in LPS + IFN-γ-induced macrophages treated with ICA, ADSCs-EXO, and ADSCs-EXO-ICA. (B) Percentage of M1 macrophages (F4/80+CD86+) treated with 
the interventions. (C) Immunofluorescence results and quantitative analysis of M1-type with different interventions. (D) Flow cytometry results and 
qualitative analysis of M1-type with different interventions. (E-G) Levels of cytokines (TNF-α, IL-6, and IL-10) in the cell supernatant. Data were expressed 
as mean ± SD (n = 3, **** p < 0.0001 vs. the Blank group, #p < 0.05, ###p < 0.001 and ####p < 0.0001 vs. the LPS + IFN-γ group, &p < 0.05, &&&p < 0.001, and 
&&&&p < 0.0001 vs. the ADSCs-EXO group, ++p < 0.01, +++p < 0.001, and ++++p < 0.0001 vs. the ICA group, ^^p < 0.01 vs. the ICA group, MFI represented mean 
fluorescence intensity. Blue = DAPI channel, red = iNOS channel. Scale bar = 50 μm)
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ICA alone. These results further indicate that the abil-
ity of ADSCs-EXO-ICA to modulate macrophage polar-
ization is closely linked to the ERK1/2/HIF-1α/GLUT1 
pathway.

Biodistribution in CIA rats
CIA rats were intravenously injected through the tail vein 
with ADSCs-EXO, ADSCs-EXO-ICA200, or ADSCs-
EXO-ICA400. Over time, the fluorescence intensity at 
the ankle joint of ADSCs-EXO, ADSCs-EXO-ICA200, 
and ADSCs-EXO-ICA400 was observed to increase pro-
gressively (Fig. 6A-C). Notably, the fluorescence intensity 
of ADSCs-EXO-ICA200 and ADSCs-EXO-ICA400 was 
significantly higher than that of ADSCs-EXO, indicating 

enhanced accumulation of ADSCs-EXO-ICA at the ankle 
joint (Fig. 6B).

To assess the distribution of ADSCs-EXO-ICA in vari-
ous organs of CIA rats, the liver, kidney, spleen, heart, 
and lungs, as well as ankle joints, were analyzed 24  h 
post-injection. The fluorescence intensity in the liver and 
spleen was notably higher for all groups, suggesting that 
ADSCs-EXO-ICA primarily localizes to these organs 
(Fig. 6B).

Therapeutic efficacy of ADSCs-EXO-ICA200 in early arthritis 
in CIA rats
The severity of arthritis in CIA rats was evaluated using 
the Arthritis Index (AI) and paw thickness measurements 

Fig. 4  Molecular mechanisms of ADSCs-EXO-ICA. (A) KEGG pathway analysis of activated RAW264.7 macrophages treated with ICA, ADSCs-EXO, and 
ADSCs-EXO-ICA. (B) Differential gene clustering diagram of ERK1/2, HIF-1α and GLUT1. (C) Differential Gene Volcano diagram. (D) Differential Gene Venn 
diagram. (E) GO enrichment histogram
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(Fig.  7A-B). One week after the second immuniza-
tion, both AI and paw thickness significantly increased 
in the CIA group. Treatments with ICA, ADSCs-EXO, 
ADSCs-EXO-ICA200, ADSCs-EXO-ICA400, and MTX 
significantly alleviated these arthritis symptoms, with 
ADSCs-EXO-ICA200 showing particularly notable 
effects. After two weeks of treatment, both AI and paw 
thickness were significantly lower in the ADSCs-EXO-
ICA200 group compared to the ICA or ADSCs-EXO 
groups, demonstrating a more pronounced ameliorative 
impact on arthritic symptoms than ICA or ADSCs-EXO 
alone.

To assess joint inflammation, levels of inflammatory 
cytokines (CRP, TNF-α, IL-1β, and IL-6) secreted by 
M1-type macrophages, along with arthritic indicators 
(Rheumatoid Factor (RF) and Collagen II (CII)), were 
measured in serum samples from CIA rats using ELISA 
(Fig.  7C-H). One week after the second immunization, 
these indicators were significantly elevated in the CIA 
group compared to the normal group. However, the lev-
els were significantly reduced in the groups treated with 

ICA, ADSCs-EXO, ADSCs-EXO-ICA200, ADSCs-EXO-
ICA400, and MTX, particularly in the ADSCs-EXO-
ICA200 group. Compared to the ICA, ADSCs-EXO, 
ADSCs-EXO-ICA400, and MTX groups, the ADSCs-
EXO-ICA200 group exhibited more pronounced reduc-
tions in these indicators. The anti-inflammatory effects 
were comparable to those observed in the MTX group. 
Above results indicated that ADSCs-EXO-ICA200 sig-
nificantly ameliorated the inflammatory and glycolysis 
microenvironment of the ankle joints more effectively 
than other treatments. Conversely, levels of the anti-
inflammatory cytokine IL-10, secreted by M2-type mac-
rophages, were inversely related to the aforementioned 
inflammatory cytokines, and the anti-inflammatory 
effects of ADSCs-EXO-ICA surpassed those of the sin-
gle treatment groups (Fig. 7I). These results suggest that 
ADSCs-EXO-ICA200 can modulate macrophage polar-
ization, thereby alleviating the severity of synovitis.

Given the excellent anti-inflammatory properties and 
targeted delivery to the ankle of ADSCs-EXO-ICA, we 
investigated its efficacy in CIA rats (Fig. 8A). As shown 

Fig. 5  (A-C) Relative mRNA expression levels of Glut1, HIF-1α, and ERK1/2 in activated RAW264.7 macrophages incubated with ADSCs-EXO-ICA detected 
by quantitative real-time PCR (qRT-PCR). (D-E) Relative mRNA expression of TNF-α (marked M1-type macrophage) and TGF-β (marked M2-type macro-
phage) examined by qRT-PCR. (F-H) Relative mRNA expression of HKII, G6PD and LDHA examined by qRT-PCR. (J-L) Levels of Succinic acid, Citric acid, 
G6PD and HKII in cell supernatant. Datas were expressed as mean ± SD (n = 3, ** p < 0.01 *** p < 0.001 and **** p < 0.0001 vs. the Blank group, # #p < 0.01, 
###p < 0.001 and ####p < 0.0001 vs. the LPS + IFN-γ group, &p < 0.05, &&p < 0.01, &&&p < 0.001, and &&&&p < 0.0001 vs. the ADSCs-EXO group, +++p < 0.001, and 
++++p < 0.0001 vs. the ICA group, ^^p < 0.01 and ^^^^p < 0.0001 vs. the ICA group)
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in Fig. 8B, the paw exterior images of each group of rats 
after various drug treatments displayed noticeable dif-
ferences. To further assess the therapeutic efficacy of 
ICA, ADSCs-EXO, ADSCs-EXO-ICA200, ADSCs-EXO-
ICA400, and MTX on the inflammation of ankle joints 
in CIA rats, we examined the histopathological changes 
in the ankle joints (Fig. 8C-E and H-J). The ankle joints 
in the normal group exhibited normal histology with 
no synovial hyperplasia or inflammatory cell infiltra-
tion (HE staining), smooth and even articular cartilage 
surfaces (Safranin O-fast green (S-O) staining), and a 
minimal presence of osteoclasts (TRAP staining). How-
ever, two weeks after the second immunization, the 
ankle joints of CIA rats showed pronounced pathologi-
cal changes including synovial hyperplasia with vascular 
opacities, inflammatory cell infiltration, uneven articular 
cartilage surfaces, and an increased number of osteo-
clasts compared to the normal group. These pathologi-
cal changes were significantly mitigated by treatments 
with ICA, ADSCs-EXO, ADSCs-EXO-ICA200, ADSCs-
EXO-ICA400, and MTX, particularly with ADSCs-EXO-
ICA200. Notably, ADSCs-EXO-ICA200 more effectively 

alleviated the histopathological changes in the ankle 
joints than either ICA or ADSCs-EXO alone, was supe-
rior to ADSCs-EXO-ICA400, and comparable to MTX. 
These results suggest that ADSCs-EXO-ICA200 offers a 
significant protective effect against arthritis in CIA rats, 
likely due to the benefits of synergistic drug delivery.

To assess the impact of ICA, ADSCs-EXO, ADSCs-
EXO-ICA200, ADSCs-EXO-ICA400, and MTX on the 
bone microstructure of CIA rats, we utilized micro-CT 
to examine changes in bone surface to volume ratio (BS/
BV) at the ankle joints of the various treatment groups 
(Fig. 8F-K). Compared to the CIA group, all treatments, 
especially ADSCs-EXO-ICA200, significantly reduced 
BS/BV. Notably, ADSCs-EXO-ICA200 more effectively 
improved the bone microstructure of the ankle joints 
than either ICA or ADSCs-EXO alone, was superior 
to ADSCs-EXO-ICA400, and comparable with MTX. 
These results indicate that ADSCs-EXO-ICA200 mark-
edly improves the bone microstructure and provides 
protection to the ankle joints. Additionally, compared 
to the CIA group, ADSCs-EXO-ICA200 significantly 
enhanced bone mineral density (BMD), bone volume to 

Fig. 6  Biodistribution and therapeutic treatment of ADSCs-EXO, ADSCs-EXO-ICA200, and ADSCs-EXO-ICA400 in CIA rats. (A) Real-time fluorescence imag-
ing of CIA rats in vivo and ex vivo imaging of organs 24 h after intravenous injection of ADSCs-EXO, ADSCs-EXO-ICA200, and ADSCs-EXO-ICA400 (n = 3). 
(B) Semi-quantitation of fluorescence intensity in joints and organs. (C) Fluorescence intensity in CIA rats 24 h post-intravenous injection of the respective 
treatments. (Datas were expressed as mean ± SD, n = 3, *p < 0.05 vs. the ADSCs-EXO, ##p < 0.01 vs. the ADSCs-EXO group)

 



Page 10 of 20Yan et al. Journal of Nanobiotechnology          (2024) 22:423 

total volume ratio (BV/TV), trabecular number (Tb.N), 
and reduced trabecular separation (Tb.Sp) at the knee 
joint. In comparison with the MTX group, ADSCs-EXO-
ICA200 more effectively promoted BV/TV, Tb.N, and 
reduced Tb.Sp at the knee joint, suggesting that ADSCs-
EXO-ICA200 better supports trabecular formation and 
BMD, and protects the bone tissue of the knee joints 
(Fig. 8G-L).

ADSCs-EXO-ICA200 modulates M1-to-M2 phenotypic 
switch by inhibiting glycolysis through the ERK/HIF-1α/
GLUT1 pathway in vivo
To explore the relationship between ADSCs-EXO-ICA 
and macrophage polarization in CIA rats, the expression 
of iNOS-labeled M1-type macrophages in ankle joints 
was analyzed using immunofluorescence (Fig.  9A-B) 
and Western Blot (WB) (Fig. 9H-I). Compared with the 
CIA group, treatments with ICA, ADSCs-EXO, ADSCs-
EXO-ICA200, ADSCs-EXO-ICA400, and MTX sig-
nificantly reduced both the expression of iNOS-marked 
M1-type macrophages and iNOS protein levels. Notably, 
ADSCs-EXO-ICA200 demonstrated a more pronounced 

Fig. 7  ADSCs-EXO-ICA demonstrates superior anti-inflammatory efficacy in early arthritis in CIA rats. (A) Arthritis score in different treatment groups over 
14 days (n = 5). (B) Paw thickness in different groups over 14 days. (C-D) Levels of Rheumatoid Factor (RF) and Collagen II (CII) in CIA rats. (E-H) Cytokine 
levels (CRP, TNF-α, IL-1β, IL-6, and IL-10) in the serum of CIA rats. (Data were expressed as mean ± SD (n = 3, *p < 0.05, **p < 0.01 and ****p < 0.0001 vs. the 
Control group, #p < 0.05, ##p < 0.01, ###p < 0.001 and ####p < 0.0001 vs. the CIA group, &p < 0.05, &&p < 0.01, &&&p < 0.001,and &&&&p < 0.0001 vs. the ADSCs-EXO 
group, +p < 0.05, ++p < 0.01, +++p < 0.001and ++++p < 0.0001 vs. the ICA group, •• p < 0.01 and •••• p < 0.0001 vs. the ADSCs-EXO-ICA400 group, Δp < 0.05 and 
ΔΔΔΔp < 0.0001 vs. the MTX group, ns = no significance)
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Fig. 8  Therapeutic efficacy of different treatments, especially ADSCs-EXO-ICA200. (A) Study procedure for a therapeutic regimen in a CIA rat model. 
(B) Exterior images of rats receiving different treatments. (C, H) Representative Hematoxylin-eosin (H, E) staining of ankle joint samples from different 
drug groups in histological analysis. Red arrows indicate the synovium. (D, I) Representative Safranin O-Fast green (S-O) staining of ankle joint samples 
from different drug groups in histological analysis. Green arrows point to articular cartilage. (E, J) Representative tartrate-resistant acid phosphatase 
(TRAP) staining of ankle joint samples from different drug groups in histological analysis. Yellow arrows to osteoclasts (scale bars: H&E and S-O = 200 μm, 
TRAP = 100 μm). (F-K) Representative micro-CT images and quantitative analyses of ankle joints from rats with different treatments. (G-L) Representative 
micro-CT images and quantitative analyses of knee joints from rats with different treatments. (n = 3, BS/BV, BMD, BV/TV, Tb.Sp, Tb.N). Data were expressed 
as mean ± SD (n = 3, *p < 0.05, **p < 0.01 and ****p < 0.0001 vs. the Control group, #p < 0.05, ##p < 0.01, ###p < 0.001 and ####p < 0.0001 vs. the CIA group, 
&p < 0.05, &&p < 0.01, &&&p < 0.001,and &&&&p < 0.0001 vs. the ADSCs-EXO group, +p < 0.05, ++p < 0.01, +++p < 0.001, and ++++p < 0.0001 vs. the ICA group, • 
p < 0.05, •• p < 0.01 •••• p < 0.0001 vs. the ADSCs-EXO-ICA200 group, ΔΔp < 0.01 and ΔΔΔΔp < 0.0001 vs. the ADSCs-EXO-ICA200 group, ns = no significance)
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inhibitory effect on iNOS-marked M1-type macrophages 
and iNOS protein levels than either ICA or ADSCs-EXO 
alone. Conversely, the protein levels of Arg1-marked 
M2-type macrophages in synovial tissue showed an 
inverse pattern to iNOS (Fig. 9H-K). These findings sug-
gest that ADSCs-EXO-ICA200 modulates inflammation 
by suppressing M1-type macrophages and promoting 
M2-type macrophage polarization.

M1-type macrophage polarization is associated with 
increased glycolytic activity in joint tissues. Conse-
quently, the levels of glycolysis indicators (SA, CA, 
LDHA, HKII, G6PD) in the serum of CIA rats were mea-
sured by ELISA (Fig. 9C-G), and the protein expression 
of glycolysis indicators (LDHA, PKM2, HKII) in synovial 
tissue was assessed by WB (Fig. 9G and M, and Fig. 9L). 

Correspondingly, these glycolysis indicators in the serum, 
related to M1-type macrophage activity, displayed simi-
lar trends to the protein expression of iNOS. These 
results indicate that ADSCs-EXO-ICA200 alleviates 
joint inflammation by inhibiting glycolysis in M1-type 
macrophages.

To further explore the relationship between glycoly-
sis in M1-type macrophages and the ERK1/2/HIF-1α/
GLUT1 signaling pathway (Fig.  10A-E), the protein 
expression of GLUT1, HIF-1α, ERK1/2, and p-ERK1/2 
was analyzed by Western Blot (WB). In the CIA group, 
the levels of GLUT1, HIF-1α, ERK1/2, and p-ERK1/2 
were significantly higher compared to the control group. 
However, treatments with ICA, ADSCs-EXO, ADSCs-
EXO-ICA200, ADSCs-EXO-ICA400, and MTX markedly 

Fig. 9  ADSCs-EXO-ICA inhibited early arthritis in CIA rats, potentially by inhibiting glycolysis in macrophages, thus reducing M1-type macrophage po-
larization. (A) Representative images and immunofluorescence analysis of iNOS expression in ankle joint samples with different treatments (white ar-
rows indicate iNOS-labeled M1-type macrophages, scale bar = 100 μm). (B-G) Levels of glycolysis indicators (SA, CA, LDHA, HKII, G6PD, ATP, and glucose 
consumption) in serum from CIA rats. (H) WB images and (I-M) relative protein expression of iNOS, Arg1, LDHA, PKM2, and HKII. Data were expressed as 
mean ± SD (n = 3, *p < 0.05 and ****p < 0.0001 vs. the Control group, #p < 0.05, ##p < 0.01, ###p < 0.001 and ####p < 0.0001 vs. the CIA group, &p < 0.05, &&p < 0.01, 
&&&p < 0.001,and &&&&p < 0.0001 vs. the ADSCs-EXO group, +p < 0.05, ++p < 0.01, +++p < 0.001, and ++++p < 0.0001 vs. the ICA group, •••• p < 0.0001 vs. the 
ADSCs-EXO-ICA200 group, Δp < 0.05, ΔΔp < 0.01 and ΔΔΔΔp < 0.0001 vs. the ADSCs-EXO-ICA200 group, ns = no significance)
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reduced the protein expression of these components, 
with ADSCs-EXO-ICA200 showing the most pro-
nounced effect. These results suggest that ADSCs-EXO-
ICA200 reduces glycolysis in M1-type macrophages by 
inhibiting the ERK1/2/HIF-1α/GLUT1 pathway.

In summary, ADSCs-EXO-ICA200 effectively modu-
lates the M1-to-M2 phenotypic switch by down-regulat-
ing glycolysis levels through blocking the ERK/HIF-1α/
GLUT1 pathway in vivo.

Safety evaluation of ADSCs-EXO-ICA
To assess the safety of ADSCs-EXO-ICA, we evaluated 
both pathological changes and functional alterations in 
the liver and kidneys. Pathological changes were assessed 
using hematoxylin and eosin (HE) staining, while func-
tional changes, including levels of alanine aminotransfer-
ase (ALT), aspartate aminotransferase (AST), and blood 
urea nitrogen (BUN), were measured using ELISA. One 
week after the second immunization, liver (ALT and 
AST) and kidney (BUN) functions in the CIA group were 
significantly elevated compared to the normal group 
(Fig.  11C-E). However, these biological indicators were 
significantly mitigated by treatments with ICA, ADSCs-
EXO, ADSCs-EXO-ICA200, ADSCs-EXO-ICA400, 
and MTX, particularly with ADSCs-EXO-ICA200. No 
obvious pathological changes were observed in the 
liver or kidneys (Fig. 11A-B). These results indicate that 

ADSCs-EXO-ICA200 can effectively prevent functional 
damage to the liver and kidneys, demonstrating its safety.

Discussion
The objective of this study was to investigate a novel drug 
delivery system, ADSCs-EXO-ICA, which co-delivers 
drugs to facilitate the M1-to-M2 phenotypic switch by 
down-regulating glycolysis through blocking the ERK/
HIF-1α/GLUT1 pathway, thus mitigating the RA pro-
gression. During the pathogenesis of synovitis in RA, 
M1-type macrophages are recruited to the arthritic area, 
triggering a cascade of inflammatory factors that exac-
erbate the condition [39, 40]. Numerous studies have 
established that macrophage metabolic pathways are 
intricately linked to their phenotype and function [41, 
42]. Predominantly, M1-type macrophages rely on glycol-
ysis, which not only perpetuates the release of inflamma-
tory factors but also promotes their polarization toward 
the M1 phenotype [43]. Although many current anti-
rheumatic drugs target macrophage glycolysis to reduce 
RA severity [44], their side effects and adverse reactions 
cannot be overlooked [45]. Furthermore, research has 
shown that the proportion of M1-type macrophages 
exceeds that of M2-type both in RA patients and in the 
CIA model [46, 47]. Consequently, we developed a prom-
ising, nanoscale, and safe drug delivery system aimed at 
evaluating its efficacy in modulating M1-M2 polarization 
in RA.

Fig. 10  ADSCs-EXO-ICA200 reduces macrophage polarization towards the M1-type by inhibiting the ERK1/2/HIF-1α/GLUT1 pathway-mediated macro-
phage glycolysis. (A) Western blot (WB) images showing the expression of GLUT1, HIF-1α, ERK1/2, and p-ERK1/2 proteins. (B-I) Relative protein expres-
sion levels of GLUT1, HIF-1α, ERK1/2, and p-ERK1/2. Data were expressed as mean ± SD (n = 3, ****p < 0.0001 vs. the Control group, #p < 0.05, ##p < 0.01, 
###p < 0.001 and ####p < 0.0001 vs. the CIA group, &p < 0.05, &&p < 0.01, &&&p < 0.001,and &&&&p < 0.0001 vs. the ADSCs-EXO group, ++++p < 0.0001 vs. the ICA 
group, ••• p < 0.001 and •••• p < 0.0001 vs. the ADSCs-EXO-ICA200 group, ΔΔp < 0.01 and ΔΔΔp < 0.001 vs. the ADSCs-EXO-ICA200 group, ns = no significance)
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We have successfully developed a drug delivery system, 
ADSCs-EXO-ICA. Initially, ADSCs-EXO were isolated 
via ultracentrifugation and characterized biologically 
using TEM, NTA, and WB. The results confirmed that 
ADSCs-EXO displayed the typical morphological and 
molecular characteristics of exosomes [48]. Subsequently, 
we combined ADSCs-EXO with icariin (ICA) to cre-
ate ADSCs-EXO-ICA and assessed its encapsulation 
efficiency. The encapsulation rate of ADSCs-EXO-ICA 
reached as high as 92.4 ± 0.008%%, significantly surpass-
ing that of BMSC-EXO loaded with ICA, which achieved 
up to 82%, thus demonstrating that ADSCs-EXO signifi-
cantly enhances the drug-loading capacity of ICA. Fur-
thermore, the cellular uptake rate of ADSCs-EXO-ICA by 
M1-type macrophages was higher than that of ADSCs-
EXO alone, indicating that ADSCs-EXO-ICA improves 
the cellular uptake efficiency of M1-type macrophages. 
These experimental results suggest that ADSCs-EXO-
ICA was successfully engineered and possesses a high 
encapsulation rate, which is foundational for the phago-
cytosis of ADSCs-EXO-ICA by M1-type macrophages, 
facilitating its pharmacological effects. ADSCs-EXO-ICA 
exhibited potent anti-inflammatory effects and the abil-
ity to modulate macrophage polarization, likely due to 
the synergistic benefits of its drug delivery system. Addi-
tionally, combining therapy with resveratrol and celastrol 
with exosomes has been shown to enhance efficacy in 
treating sepsis [49].

To further validate the pharmacological efficacy of 
ADSCs-EXO-ICA in vivo, the classical RA model, CIA, 
was employed [50]. We observed the biodistribution of 
DiR@ADSCs-EXO, DiR@ADSCs-EXO-ICA200, and 

DiR@ADSCs-EXO-ICA400 in CIA rat. All three groups 
predominantly accumulated in the liver and spleen, con-
sistent with previous findings [51, 52], which might result 
from the liver and spleen being sensitive to blood vessels 
and containing multiple types of tissue macrophages,  but 
a notably high quantity of DIR@ADSCs-EXO-ICA200 
was detected in the damaged arthritic areas compared to 
DiR@ADSCs-EXO. Additionally, ADSCs-EXO-ICA200 
demonstrated greater accumulation at the ankle joint 
than the other two groups, establishing a foundation for 
its pharmacological efficacy in synovitis.

ADSCs-EXO-ICA showed the strongest anti-inflamma-
tory effects in early arthritis and significantly influenced 
macrophage polarization in CIA rats. The anti-inflam-
matory efficacy of ADSCs-EXO-ICA200 was preliminar-
ily found to be superior to that of single administration, 
better than ADSCs-EXO-ICA400, and comparable to 
MTX, consistent with in vitro results. This phenomenon 
tentatively suggests that ADSCs-EXO-ICA200 achieved 
the most effective anti-inflammatory impact, ben-
efiting from the synergistic effects of ADSCs-EXO and 
ICA. Additionally, ADSCs-EXO-ICA200 demonstrated 
robust effects on adjusting macrophage polarization in 
CIA rats, aligning with in vitro findings. Interestingly, 
ADSCs-EXO-ICA200 was more potent than ADSCs-
EXO-ICA400, was more concentrated in the liver in 
ADSCs-EXO-ICA400 and less enriched in the ankle joint. 
Likely, because ICA, being poorly water-soluble and fat-
soluble with slow metabolism. After liposome-carrying 
ICA altered pharmacokinetics and enhanced distribution 
of ICA in different tissues [53]. And mounting research 
had demonstrated the ameliorative effects of ICA on liver 

Fig. 11  (A-B) H&E staining of liver and kidney across different groups (scale bar = 100 μm). (C-E) Biochemical indicators of liver and kidney function across 
different groups. Data were expressed as mean ± SD (n = 3, ****p < 0.0001 vs. the Control group, ##p < 0.01 and ####p < 0.0001 vs. the CIA group, &p < 0.05 and 
&&&&p < 0.0001 vs. the ADSCs-EXO group, +p < 0.05 and ++++p < 0.0001 vs. the ICA group, •p < 0.05 vs. the ADSCs-EXO-ICA200 group, ns = no significance)
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diseases probably related precisely to the accumulation 
of ICA and the metabolism of the flavonoids in the liver 
[54–56]. It was also possible that because the ADSCs-
EXO-ICA400 needed to take a longer time to reside after 
being cleared by liver-resident macrophages and hepatic 
sinusoidal endothelial cells than the ADSCs-EXO-
ICA200, and therefore a smaller amount accumulates in 
the joints in the same time [57].

It is well known that the tissue damage caused by RA 
is irreversible, and the continued progression of syno-
vial inflammation leads to cartilage erosion and bone 
destruction [58]. In this study, ADSCs-EXO-ICA was 
able to partially inhibit existing bone damage. Thus, we 
demonstrated that ADSCs-EXO-ICA has the potential 
to inhibit the glycolytic process of macrophages in the 
joints and suppress macrophage polarization toward the 
M1-type, which in turn helps prevent bone destruction 
in CIA rats.

To investigate the mechanism of ADSCs-EXO-ICA, 
we conducted cellular gene transcriptomics to identify 
potential targets. KEGG pathway analysis indicated that 
molecules such as MAPK, HIF-1α, and glycolysis are 
potential targets through which ADSCs-EXO-ICA may 
exert anti-inflammatory effects, aligning with previous 
research findings. Interestingly, we observed a reduc-
tion in ERK activity following ADSCs-EXO-ICA treat-
ment, which appeared to decrease HIF-1α levels. Prior 
studies have highlighted ERK as a valuable target for RA 
treatment [59–61], and the therapeutic effects of ERK 
knockdown were similar to those observed with ADSCs-
EXO-ICA. Additionally, one study reported that an ERK 
inhibitor suppressed M1 macrophages in RA [62, 63]. 
ERK is known to influence macrophage polarization and 
metabolic reprogramming [64], and plays a crucial role 
in the RAS/RAF/ERK cascade of the MAPK signaling 
pathway. Our KEGG results led us to hypothesize that 
the regulatory effect of ADSCs-EXO-ICA on M1-type 
macrophages might be related to ERK targets within the 
MAPK signaling pathway. Furthermore, the HIF-1α sig-
naling pathway is central to macrophage glycolysis and 
M1-type polarization in RA [65, 66], consistent with 
our findings. Upregulation of HIF-1α not only enhances 
the transcription of genes involved in the macrophage 
glycolysis pathway (e.g., GLUT1) but also regulates 
enzymes essential for macrophage glycolysis (e.g., LDHA, 
HKII, and PKM2) [67]. Therefore, we speculate that the 
ERK1/2/HIF-1α/GLUT1 signaling pathway may underlie 
the mechanism by which ADSCs-EXO-ICA modulates 
macrophage polarization and suppresses macrophage 
glycolysis. PCR results confirmed that ADSCs-EXO-
ICA could facilitate the M1-to-M2 phenotypic switch by 
down-regulating glycolysis through inhibiting the ERK/
HIF-1α/GLUT1 pathway, thereby alleviating inflamma-
tion in vitro.

We had firstly developed the drug delivery system-
ADSCs-EXO-ICA, which had not been clinically studied. 
Obviously, the anti-inflammatory effect of ADSCs-EXO-
ICA was better than that of ADSCs-EXO, and it was very 
potential to be applied in clinical studies. However, the 
limitations of applying this drug delivery system were 
the low availability of ADSCs-EXO and the unknown 
safe dose in humans. Therefore, we need to explore new 
methods to increase the yield of ADSCs-EXO and multi-
center clinical studies with large samples are needed to 
explore the effective dose in future.

In conclusion, ADSCs-EXO-ICA can adjust the M1-to-
M2 phenotypic switch to alleviate RA by inhibiting 
glycolysis through blocking the ERK/HIF-1α/GLUT1 
pathway. ADSCs-EXO-ICA provides an effective thera-
peutic strategy for treating synovial inflammation and 
bone destruction in RA by modulating metabolic path-
ways to reverse cell type in the treatment of RA.

Materials and methods
Cell and animals
RAW264.7 macrophages were acquired from Shang-
hai Fuheng Biotechnology Co. These cells were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS) and 
maintained at 37℃ in a 5% CO2 atmosphere. To induce 
M1-type macrophage polarization, LPS (100 ng/mL) and 
IFN-γ (20 ng/mL) were added to the culture for 24  h. 
Third-generation ADSCs were cultured in MSC-specific 
medium devoid of exosome fetal bovine serum (FBS). 
Upon reaching 80–90% confluence in T75 flasks, the 
supernatant was collected. The use of primary human 
adipose stem cells (ADSCs) were obtained from Peking 
Union Medical College, had been approved by the local 
ethical committee of the Institute of the Academic Com-
mittee of the Chinese Academy of Medical Sciences and 
Peking Union Medical College Hospital and informed 
written consent was obtained from the patient [68]. 
Male SD rats, aged 6–8 weeks, were obtained from Bei-
jing Vital River Laboratory Animal Technology Co., 
Ltd., and housed in a specific pathogen-free (SPF) envi-
ronment under a 12-hour light/dark cycle. Both food 
and water were provided ad libitum. All animal care 
and experimental procedures adhered to the guide-
lines approved by the Ethics Committee of the Insti-
tute of Basic Theory for Chinese Medicine at the China 
Academy of Chinese Medical Sciences (Approval No. 
IBTCMCACMS2- 2209-05).

Cell grouping
To evaluate the efficacy of different treatments on 
M1-type macrophages, the experiment was organized 
into several groups: the Blank group, the LPS + IFN-γ 
group, the ICA group (40  µg/mL), the ADSCs-EXO 
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group (40  µg/mL), and the ADSCs-EXO-ICA group 
(80 µg/mL).

Animal grouping
The rats in the modeling group were randomly assigned 
into six groups: Blank received saline(100µL), CIA, ICA 
(100µL, 1  µg/µL), ADSCs-EXO [69] (100µL, 1  µg/µL), 
ADSCs-EXO-ICA200 (200µL, 1  µg/µL), ADSCs-EXO-
ICA400 (200µL, 2  µg/µL), and methotrexate (MTX, 
100µL, 1  mg/kg) [70], with 10 rats in each group. All 
groups of rats were injected via tail vein every other day 
for a total of eight injections.

Synthesis and characterization of ADSCs-EXO-ICA
Extraction of ADSCs-EXO: Exosomes were isolated using 
the ultracentrifugation method. Specifically, the superna-
tant underwent sequential centrifugation at 300×g at 4℃ 
for 10 min, 2000×g for 20 min, and 12,000×g for 40 min, 
100,000 g for 70 min, and 150,000 g two times for 80 min 
[71]. After centrifugation, the supernatant was discarded, 
and 300μl of PBS was added to resuspend the ADSCs-
EXO and, which were then stored at -80 °C.

Synthesis of ADSCs-EXO-ICA: ICA dissolved with 
dimethyl sulfoxide (DMSO ≤ 1‰). Equal quantities of 
ADSCs-EXO and ICA were co-incubated for 2  h at 
room temperature and kept the final solvent concentra-
tion ≤ 10%. Mixed ICA solution with exosome disper-
sion, underwent centrifugation at 1,0000 × g for 10 min 
to remove the free drug, followed by centrifugation at 
13,500  g for 2  min, discarded the supernatant, resus-
pended in 100μL PBS for three times and filtered through 
a 0.22 μm filter to obtain drug-loaded exosomes (ADSCs-
EXO-ICA) [72–76].

Characterization of ADSCs-EXO and ADSCs-EXO-
ICA: TEM was employed to assess the morphology of 
both ADSCs-EXO and ADSCs-EXO-ICA. Nanoparticle 
tracking analysis (NTA) was used to determine the parti-
cle size of the exosomes. Western blot (WB) analysis was 
utilized to detect exosome signature proteins CD9, CD63 
and TSG101.

Encapsulation rate of ADSCs-EXO-ICA
A detection method was established using the follow-
ing chromatographic conditions: a C18 column (4.6 mm 
× 250  mm, 5  μm); column temperature: 25  °C; mobile 
phase: acetonitrile: water at a ratio of 95:5; flow rate: 1.2 
mL/min; detection wavelength: 270  nm; injection vol-
ume: 5 µl. ICA was monitored from 200 to 400 nm using 
PDA-UV. The standard curve of ICA was utilized to cal-
culate the content of ICA loaded in ADSCs-EXO, thereby 
determining its loading efficiency. Data were analyzed 
using Origin software.

Cellular uptake of ADSCs-EXO-ICA
RAW264.7 cells were seeded in culture dishes at a den-
sity of 1 × 106 cells per well, with or without LPS and 
IFN-γ, and incubated at 37 °C for 24 h. ADSCs-EXO and 
ADSCs-EXO-ICA were labeled following the instructions 
of the PKH67 dye kit. PKH67-labeled exosomes were 
isolated by ultracentrifugation at 100,000  g for 70  min 
and then co-cultured with macrophages for 8  h. Subse-
quently, cells were fixed, stained with DAPI, and imaged 
using a laser scanning confocal microscope (Olympus, 
Japan).

Cell immunofluorescence
RAW264.7 cells were seeded onto coverslips in 12-well 
plates (5.0 × 104 cells/well) overnight, stimulated with 
LPS and IFN-γ for 24 h, then subsequently treated with 
ICA (40 µg/mL), ADSCs-EXO (40 µg/mL), and ADSCs-
EXO-ICA (80 µg/mL) groups for 48 h. Cells were incu-
bated overnight with anti-inducible nitric oxide synthase 
(iNOS, 1:200, Proteintech) antibody, followed by a FITC-
conjugated secondary antibody (1:2000). Cells were then 
fixed, stained with DAPI, and imaged using a laser scan-
ning confocal microscope. Images were analyzed with 
ImageJ software.

Flow cytometry
RAW264.7 cells (1.0 × 106 cells/dish) were plated in cul-
ture dishes overnight, induced with LPS and IFN-γ for 
24  h, and subsequently the cells were treated with vari-
ous formulations for 48 h. Cells were then incubated with 
FITC-conjugated anti-F4/80 antibody (1:200, eBiosci-
ence, Thermo Fisher Scientific, Waltham, MA) and PE-
conjugated anti-CD86 antibody (1:50, eBioscience) at 
4 °C for 30 min, followed by two washes. Detection was 
performed using a CytoFLEX flow cytometer (Beckman 
Coulter, USA), and data were analyzed using FlowJo soft-
ware. Experiments were conducted at least three times.

Enzyme-linked immunosorbent assay (ELISA)
RAW264.7 cells were seeded into the culture dishes. 
After incubation with LPS (100 ng/mL) and IFN-γ (20 
ng/mL) for 24 h, the cells were treated with various for-
mulations for 48 h. Subsequently, cell supernatants were 
collected, and the concentrations of cytokines (TNF-α, 
IL-6, and IL-10) and glycolysis-related indicators (LA, 
SA, CA, G6PD, and HKII) were quantified using ELISA 
kits following the manufacturer’s instructions. For in vivo 
analysis, levels of CRP, RF, CII, TNF-α, IL-1β, IL-6, and 
IL-10 in serum were assessed at the end of the experi-
mental treatment.

Transcriptome sequencing analysis
Freshly sorted macrophages (> 5 × 106 cells) were lysed 
using Trizol reagent (Takara) and then transported on 
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dry ice to Allwegene for sequencing. A total of five sets 
of macrophage samples were sequenced. Gene expres-
sion levels for each sample were analyzed using HTSeq 
(v0.5.4 p3) software with the model set to union. GO 
enrichment analysis was performed using GOseq (v1.22). 
KEGG analysis identified key biochemical metabolic 
pathways and signaling pathways involved in differen-
tially expressed genes via Pathway significance enrich-
ment. For samples with biological replicates, differential 
expression analysis was conducted using DESeq (v1.10.1) 
(Anders et al., 2010). The P-values from the differential 
expression analysis were adjusted for false discovery rate 
(FDR) using the Benjamini and Hochberg method. The 
criteria for differential gene screening were generally: 
p-value < 0.05.

Western blotting (WB)
Western blotting was used to detect the expression of 
iNOS, LDHA, PKM2, HKII GLUT1, HIF-1α, ERK1/2, 
and p-ERK1/2. Cells treated with different formula-
tions were washed with precooled PBS, lysed with 100ul 
of RIPA buffer (containing 1% PMSF + 1% phospha-
tase inhibitor), and centrifuged at 15000r for 15 min. A 
total of 20  µg of protein, assessed using a BCA Protein 
Assay Kit, was separated by electrophoresis on a 10% 
SDS-PAGE gel at 80 mV for 30 min, followed by 120 mV 
for 1  h, and then transferred to PVDF membranes at 
300 mA for 120 min. The membranes were subsequently 
blocked with 5% nonfat dry milk for 1  h and incubated 
overnight at 4  °C with primary antibodies against iNOS 
(1:2000, Proteintech, China), Arg1 (1:10,000, Proteintech, 
China), LDHA (1:15,000, Proteintech), PKM2 (1:2000, 

Proteintech), HKII (1:25,000, Proteintech), GLUT1 
(1:5000, Abcam), HIF-1α (1:5000, Abcam), ERK1/2 
(1:4500, Proteintech), and p-ERK1/2 (1:1000, Abcam). 
The next day, membranes were incubated with goat anti-
rabbit (1:3000, Proteintech) and goat anti-mouse anti-
bodies (1:3000, Proteintech) at room temperature for 1 h. 
The protein expressions of iNOS, LDHA, PKM2, HKII, 
GLUT1, HIF-1α, ERK1/2, and p-ERK1/2 were detected 
using the Bio-Rad ChemiDoc XRS System, with GAPDH 
serving as an endogenous control.

Quantitative reverse transcription-polymerase chain 
reaction (RT-qPCR)
Macrophages from the aforementioned five groups were 
collected to assess the expression of M1-type macro-
phage and ERK1/2/HIF-1α/GLUT11 pathway-related 
genes. Total RNA was extracted following standard pro-
cedures and the concentration was measured. The RNA 
was then reverse transcribed into cDNA using a reverse 
transcription kit (Takara). The qPCR reaction was pre-
pared using the SYBR Green Master Mix kit (Takara) 
according to the manufacturer’s instructions. Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) was used 
as the internal reference. Gene expression quantification 
was performed using the 2−ΔΔ Ct method. The primer 
sequences for each gene are detailed in Table 1 below.

Table  1 Reverse transcription-polymerase chain reac-
tion primer sequences.

Establishment of collagen-induced arthritis (CIA) rat 
models
Sixty male SD rats of SPF grade, aged 2 months, were 
used. Equal volumes of bovine type II collagen solution 
(2 mg/mL) and incomplete Freund’s adjuvant (IFA) were 
mixed in an ice bath to form an emulsion at a final con-
centration of 1 mg/mL. For initial immunization, 100 µL 
of this emulsion was injected intradermally at the base 
of the tail. One week after the initial immunization, a 
booster immunization was administered in the same 
manner. Two weeks after the initial immunization, a CIA 
model in rats was successfully established.

Biodistribution in CIA rats
Purified ADSCs-EXO and ADSCs-EXO-ICA in PBS were 
incubated with 1 mM DiR (MCE, USA) (which is a fluo-
rescent lipophilic tracer) for 30 min at room temperature. 
The labeled ADSCs-EXO and ADSCs-EXO-ICA were 
then separated from unbound DiR by ultracentrifuga-
tion at 100,000 g for 2 h at 4℃ [77, 78]. DiR-labeled exo-
somes (DiR@ADSCs-EXO, DiR@ADSCs-EXO-ICA200, 
ADSCs-EXO-ICA400) were administered via the tail 
veins of CIA rats. The biodistribution of DiR@ADSCs-
EXO (100µL,1  µg/µL), DiR@ADSCs-EXO-ICA200 
(200µL,1  µg/µL), ADSCs-EXO-ICA400 (200µL,2  µg/µL) 

Table 1  Primer sequences
Target gene F primer sequences (5′-3′) R primer se-

quence (5′-3′)
GAPDH ​A​G​G​T​C​G​G​T​G​T​G​A​A​C​G​G​A​T​T​T​G ​G​G​G​G​T​C​G​T​T​G​A​T​

G​G​C​A​A​C​A
TNF-α ​C​T​G​A​A​C​T​T​C​G​G​G​G​T​G​A​T​C​G​G ​G​G​C​T​T​G​T​C​A​C​T​C​

G​A​A​T​T​T​T​G​A​G
TGF-β ​G​G​C​T​T​G​T​C​A​C​T​C​G​A​A​T​T​T​T​G​A​G​A ​G​C​C​T​T​A​G​T​T​T​G​G​

A​C​A​G​G​A​T​C​T​G
p-ERK ​C​A​G​G​T​G​T​T​C​G​A​C​G​T​A​G​G​G​C ​T​C​T​G​G​T​G​C​T​C​A​A​

A​A​G​G​A​C​T​G​A
ERK ​G​C​G​G​C​T​A​C​G​A​C​G​A​G​A​A​C​A​T ​G​G​C​T​A​A​G​T​C​A​A​

A​A​T​C​A​G​C​C​T​C​A
G6PD ​C​A​C​A​G​T​G​G​A​C​G​A​C​A​T​C​C​G​A​A​A ​A​G​C​T​A​C​A​T​A​G​G​

A​A​T​T​A​C​G​G​G​C​A​A
HK2 ​T​G​A​T​C​G​C​C​T​G​C​T​T​A​T​T​C​A​C​G​G ​A​A​C​C​G​C​C​T​A​G​A​

A​A​T​C​T​C​C​A​G​A
HIF-1α ​A​C​C​T​T​C​A​T​C​G​G​A​A​A​C​T​C​C​A​A​A​G ​C​T​G​T​T​A​G​G​C​T​G​G​

G​A​A​A​A​G​T​T​A​G​G
LDHA ​T​G​T​C​T​C​C​A​G​C​A​A​A​G​A​C​T​A​C​T​G​T ​G​A​C​T​G​T​A​C​T​T​G​A​

C​A​A​T​G​T​T​G​G​G​A
GLUT-1 ​C​A​G​T​T​C​G​G​C​T​A​T​A​A​C​A​C​T​G​G​T​G ​G​C​C​C​C​C​G​A​C​A​G​

A​G​A​A​G​A​T​G
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in the ankle joints was assessed through in vivo imaging 
of fluorescence intensity using the Carestream MI System 
(Carestream Health Inc., USA) at specified time points 
(1, 2, 4, 6, 8, 12, and 24 h). After imaging, the rats were 
sacrificed, and their hearts, livers, spleens, lungs, kid-
neys, and paws were collected for further in vivo imag-
ing. Fluorescence intensity was quantified using Image J 
(Carestream Health Inc., USA). Rats treated with DiR@
ADSCs-EXO served as controls.

Immunofluorescence staining
Ankle joints from CIA rats were collected 24  h after 
the final administration to prepare sections. Sections 
of 10  μm thickness were stained with iNOS antibody 
(1:2000, proteintech). Nuclei was stained by DAPI. A 
laser scanning confocal microscope (NIKON Eclipse ci, 
Japan) was used to record the fluorescent distributions in 
the ankle joints.

Micro-computed tomography (Micro-CT) imaging
All rats were sacrificed on day 28 after arthritis induction 
and then fixed in 4% paraformaldehyde. The knee and 
ankle joints were scanned using a micro-CT scanner at a 
voltage of 70 kV and a current of 200 µA, with a scanning 
resolution of 10.2 μm. The knee joint was scanned from 
the lowest point of the lateral growth plate of the tibial 
knee as the baseline, and a 3 mm thick area of the bone 
marrow cavity below the baseline was designated as the 
region of interest (ROI) for 3D reconstruction. For the 
ankle scans, 1451 consecutive slices covering a 14.8 mm 
thickness from the heel bone, i.e., the tarsal region, were 
set as the ROI for 3D reconstruction. 3D images were 
reconstructed using NRecon software and analyzed using 
various analysis software. Quantitative analyses were 
performed to assess morphometric characteristics such 
as bone mineral density (BMD), bone surface to volume 
ratio (BS/BV), trabecular separation (Tb.Sp), and trabec-
ular bone thickness (Tb.Th).

Histopathological examination
Twenty-eight days after arthritis induction, all rats were 
sacrificed. Ankle joints were decalcified in 15% tetraso-
dium ethylenediaminetetraacetic acid for 2 months, then 
processed for paraffin embedding and sectioned at 3 μm 
thickness. Sections were stained using Hematoxylin-
eosin (HE) staining [79], Safranin O-Fast Green staining 
[80], TRAP staining methods [81]. A light microscope 
(Leica Biosystems, Germany) was utilized for observa-
tion. Additionally, joint tissues were assessed and scored 
for cellular infiltration, bone erosion, and synovial hyper-
plasia on a scale of 0–4. Scores were evaluated and the 
mean grade was calculated.

Safety evaluation
Healthy rats (200 ± 20  g) were intravenously injected 
with treatments including Blank, CIA, ICA (100  µg per 
rat), ADSCs-EXO (100 µg per rat), ADSCs-EXO-ICA200 
(200  µg per rat), ADSCs-EXO-ICA400 (400  µg per rat), 
or methotrexate (2  mg/mL MTX) to assess the safety 
of ADSCs-EXO-ICA. After the final dose, the rats were 
euthanized, and key organs such as the liver and kid-
neys were collected for histological analysis as previously 
described. Levels of alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), blood urea nitrogen 
(BUN) [82] in the serum were measured using a Labsys-
tems Multiskan MS.

Statistical evaluation
Data were analyzed using SPSS 25.0 software (Statisti-
cal Package for the Social Sciences, USA). Graphs were 
created with GraphPad Prism 8 software. The quantita-
tive results were provided as mean ± standard. Compari-
sons between two groups were conducted using paired 
t-tests, while comparisons among multiple groups were 
performed using one-way ANOVA. Statistical differences 
were considered significant at p < 0.05.
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