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Abstract
Overproduction of reactive oxygen species (ROS), elevated synovial inflammation, synovial hyperplasia and fibrosis 
are the main characteristic of microenvironment in rheumatoid arthritis (RA). Macrophages and fibroblast-like 
synoviocytes (FLSs) play crucial roles in the progression of RA. Hence, synergistic combination of ROS scavenging, 
macrophage polarization from pro-inflammatory M1 phenotype towards M2 anti-inflammatory phenotype, and 
restoring homeostasis of FLSs will provide a promising therapeutic strategy for RA. In this study, we successfully 
synthesized metformin-derived carbon dots (MCDs), and investigated the antirheumatic effect in vivo and in vitro. 
Designed MCDs could target inflamed cells and accumulate at the inflammatory joints of collagen-induced arthritis 
(CIA) rats. In vivo therapeutic investigation suggested that MCDs reduced synovial inflammation and hyperplasia, 
ultimately prevented cartilage destruction, bone erosion, and synovial fibrosis in CIA rats. In addition, MCDs 
eliminated the cellular ROS in M1 phenotype macrophages in RA microenvironment through the enzyme-like 
catalytic activity as well as inhibiting NOD-like receptor family, pyrin domain containing 3 (NLRP3) inflammasome 
signaling pathway, effectively polarizing them into the M2 phenotype to realize the anti-inflammatory effect. 
Furthermore, MCDs could inhibit the proliferation, migration, and fibrosis of inflamed FLSs. Mechanistically, MCDs 
restored the homeostasis of FLSs while reducing the level of synovial inflammation by blocking IL-6/gp130 
signaling pathway. Combined with preferable biocompatibility, MCDs offer a prospective treatment approach for 
RA.
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Introduction
Rheumatoid arthritis (RA) is a common chronic autoim-
mune disorder with an adult incidence of 0.5-1% world-
wide, posing an enormous burden and challenge to 
global public health [1, 2]. Characterized by persistent 
synovium inflammation as well as cartilage and bone 
destruction, RA may eventually lead to irreparable joint 
functional disability without proper therapeutic interven-
tion [3, 4]. Unfortunately, the clinical management effect 
of RA remains unsatisfied due to its elusive pathogene-
sis. Current medicine treatment involved: non-steroidal 
anti-inflammatory drugs (NSAIDs), disease-modifying 
anti-rheumatic drugs (DMARDs), glucocorticoids, and 
biologicals (adalimumab, rituximab, etc.) [5–7]. However, 
their pharmacological action only concentrates on some 
simple pathological processes and associated with vari-
ous side effects (gastrointestinal ulcer, liver/kidney dam-
age, osteoporosis, osteonecrosis, etc.). There is an urgent 
need to develop a safe and efficient treatment candidate 
for RA.

Accumulating evidence indicates that macrophages 
mainly participate in the pathogenesis and progression 
of RA due to its high infiltration in joint synovium [8, 
9]. Macrophages with M1 phenotype play a pivotal role 
in the secretion of pro-inflammatory cytokines includ-
ing interleukin 1β (IL-1β), interleukin 6 (IL-6), and tumor 
necrosis factor (TNF-α) to promote the development of 
inflammation. On the contrary, M2 macrophages secrete 
anti-inflammatory cytokines such as interleukin 4 (IL-
4) and interleukin 10 (IL-10) for the relief of inflamma-
tion. In RA joints, M1 macrophages are the predominant 
phenotype with an abnormal increase of M1/M2 ratio 
with the overexpression of pro-inflammatory cytokines 
[10, 11]. Sustained secretion of inflammatory cytokines 
not only aggravate synovitis, but also cause the erosion 
of cartilage and bone [12, 13]. Meanwhile, the high level 
of oxidative stress is closely related to the inflammation 
progression in RA [14]. Activated NOD-like receptor 
family, pyrin domain containing 3 (NLRP3) inflamma-
some widely participates in systematic and local inflam-
mation in RA [15]. Overproduction of reactive oxygen 
species (ROS) can trigger the generation of inflammatory 
cytokines by activating NLRP3 inflammasome signal-
ing pathway [16, 17]. Simultaneously, pro-inflammatory 
cytokines may amplify the production of ROS which 
result in accelerating the disorder process [18, 19]. Hence, 
scavenging overproducted ROS and reprogramming M1 
macrophages to M2 macrophages will prevent RA associ-
ated joint inflammation and damage. However, suppres-
sion of the proinflammatory cytokines and antioxidant 

therapy cannot result in the complete cure of RA [20], 
suggesting that RA is also influenced by other factors that 
are not addressed by current treatment [21].

Besides macrophages, fibroblast-like synoviocytes 
(FLSs) are crucial cells in RA. Aggressive phenotype 
FLSs can lead to several inflammation, cartilage, and 
bone destruction via released pro-inflammatory cyto-
kines and matrix metalloproteinase [22, 23]. Under 
repeated inflammatory stimulation, FLSs secrete extra-
cellular matrixes components such as collagen I (Col-I) 
and α-smooth muscle actin (α-SMA), which eventually 
contribute to fibrosis [24]. Synovial fibrosis is conformed 
related to the clinical symptoms of pain and stiffness, 
together with synovitis and abnormal proliferation dete-
riorated RA [25, 26]. Recent research points out that 
reducing synovial inflammation levels could block IL-6/
gp130 signaling pathway to inhibit FLSs proliferation, 
migration, and fibrosis with treating effect on RA [27]. 
Thus, a therapy that controls the enhanced generation 
of ROS and pro-inflammatory cytokines, restoring FLSs 
homeostasis is a promising therapeutic choice for RA.

Methotrexate (MTX), one of DMARDs, is the first-
line drugs for RA. Though the high-dose treatment with 
MTX achieves an optimistic therapeutic efficacy, it inevi-
tably exists poor target therapy and adverse reactions [28, 
29]. With the development of nanomedicine, nanomate-
rials with immunoregulation or antioxidant ability have 
been gradually designed and constructed in the treat-
ment of RA and other inflammatory diseases [30–32]. 
Nanomaterials with specific particle size pass through the 
blood vessels and accumulate in the inflammation joint 
through the mechanism of passive targeting which called 
extravasation through leaky vasculature and subsequent 
inflammatory cell-mediated sequestration (ELVIS) effect 
[33, 34]. A variety of nanomaterials have been developed 
and loaded with specific drugs as nano-delivery platform 
for the treatments of RA [35–37]. Although nanomedical 
drugs have unlimited potentials, reasonable intervention 
has not been realized to treat RA in terms of ROS clear-
ance, M1/M2 regulation and FLSs improvement in RA 
microenvironment, and the prospect of therapeutic effect 
is still unknown and lack. Carbon dots (CDs), a new zero-
dimensional carbon-based nanomaterial, exhibit prefera-
ble biocompatibility and adjustable biological capabilities 
[38, 39]. Through optimization of preparation materials, 
reaction conditions and post-treatment methods, CDs 
with specific structural differences and functional modi-
fications can be obtained for the diagnosis and treatment 
of various diseases [40–42]. In our previous works, some 
kinds of CDs were synthesized by appropriate materials 
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and preparation strategies for the achievement of the 
antibacterial ability [41, 43] and antioxidant activity [44]. 
Nevertheless, the ROS scavenging capability of CDs 
might be insufficient to realize the favorable immuno-
regulation and to inhibit the proliferation, migration, and 
fibrosis of FLSs for treating RA. As a classical oral bigu-
anides drug, metformin has been widely adopted in treat-
ing diabetic mellitus. In addition to reduce the level of 
blood glycemia, series researches verify that metformin is 
correlated with some other effects of bone regeneration 
and anti-inflammation [45–47]. Resultantly, we propose 
that a certain kind of CDs using metformin as one of the 
sources could efficiently introduce extraordinary capa-
bilities besides antioxidant ability for potentially treating 
RA.

In this work, we designed and synthesized metformin-
derived carbon dots (MCDs) through a one-step hydro-
thermal method using anhydrous citric acid (CA), ethane 
diamine (EDA), and metformin. We investigated the ther-
apeutic effects and mechanism of MCDs on RA (Scheme 
1). MCDs were uptaken by macrophages and FLSs, and 
targeted inflammation joint in collagen-induced arthri-
tis (CIA) rats. As a result, MCDs displayed preferable 
therapeutic effects as inhabitation of inflammatory, car-
tilage/bone erosion, FLSs fibrosis in CIA rats as well as 
favorable biocompatibility in vivo. In vitro study sug-
gested that MCDs could promote macrophages polar-
ization from M1 phenotype to M2 phenotype in both 
normal and inflammatory environment. Besides, MCDs 

inhibited the proliferation, migration, inflammation, and 
fibrosis of FLSs. Mechanistic studies revealed that MCDs 
could block NLRP3 inflammasome signaling pathway 
which leads to macrophages immunoregulation through 
scavenging overproduction of ROS. Furthermore, MCDs 
downregulated synovium inflammation level to inhibit-
ing FLSs proliferation, migration, and fibrosis by blocking 
IL-6/gp130 signaling pathway. The mimic-clinical appli-
cation was conducted using human-derived cells (THP-1 
and FLSs isolated from RA patients) to validate the thera-
peutic effects and mechanism of MCDs. This work devel-
ops an effective RA treatment agent based on CDs with 
a clarified mechanism, suggesting the particular prospect 
in future clinical treatment.

Results
Characterization of MCDs
The prepared MCDs were comprehensively character-
ized. Transmission electron microscope (TEM) studies 
revealed that MCDs were regular monodisperse spherical 
structure with a particle size distribution between 1.25 
and 5.25 nm with the average diameter of 3.26 nm. High-
resolution TEM (HRTEM) illustrated a lattice spacing of 
0.21  nm, assigned to the graphite (100) plane (Fig.  1A) 
[48]. The X-ray Diffraction (XRD) analysis of MCDs (Fig. 
S1) revealed MCDs had a band diffraction peak centered 
at 2θ = 28.04° and a broad diffraction peak at 2θ = 42.72°. 
The diffraction peak at 28.04° was associated with the 
(002) crystal plane of graphite, indicative of the typical 

Scheme 1 Schematic illustration of MCDs fabrication and therapeutic mechanism of MCDs against RA. MCDs displayed both ROS scavenging and in-
duced macrophages polarization from pro-inflammatory M1 phenotype to anti-inflammatory M2 phenotype in RA microenvironment. Meanwhile, MCDs 
regulated the homeostasis of FLSs through inhibiting proliferation, migration, and fibrosis
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interlayer spacing observed in graphitic carbon [49]. 
The peak at 42.72° was typically attributed to the (100) 
crystal plane of graphitic-like carbon, signifying atomic 
ordering within the two-dimensional graphene planes 
[48]. The results from HRTEM and XRD illustrated the 
inclusion of carbonized graphitic structures of MCDs. 
As an important parameter of carbon dots, the optical 
properties of MCDs were also evaluated. The emission 
center of MCDs at 440  nm only shifted slightly at vari-
able excitation wavelengths from 290 to 400 nm (Fig. 1B), 
indicating the iconic excitation-independent emission 
property of carbon dots [50]. Correspondingly, MCDs 
displayed maximum excitation and emission wave-
lengths at 350 nm and 441 nm, respectively (Fig. 1C). The 

absorption spectrum of the MCDs revealed the absor-
bance peaks at 245 nm and 345 nm, attributed to the π-π* 
transition of sp2 hybridization of the C = C bond and n-π* 
transition of C = O, respectively [51, 52].

The chemical structure of MCDs was investigated. 
Fourier transform infrared spectrometer (FTIR) 
result showed the absorption peaks of metformin at 
3368  cm− 1-3150  cm− 1, and 1556  cm− 1, which were 
attributed to the stretching and bending vibrations of 
the N-H bond. The absorption peaks of 1472  cm− 1 was 
attributed to the stretching vibration of C = N bond. The 
absorption peaks of MCDs at 3431 cm− 1 was attributed 
to the stretching vibration of O-H bond, 1395 cm− 1 was 
attributed to the stretching vibration of C = N bond, 

Fig. 1 Characterization of MCDs. (A) TEM image with HRTEM and size distribution. (B) Fluorescence emission spectra of MCDs at 290–400 nm excitation. 
(C) UV–vis absorbance, maximum exciting, and emission fluorescence spectra. (D) FTIR spectra of MCDs and metformin. (E-H) XPS spectra and high-
resolution XPS spectra of C1s, N1s, and O1s. (I) ABTS radicals scavenging efficiency of MCDs compared with that of ascorbic acid (AA) and metformin. The 
values reported are mean ± SD, n = 6
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while 1660  cm− 1 and 1556  cm− 1 were attributed to the 
stretching vibration of C = O and N-H bonds, respec-
tively (Fig.  1D). Three typical peaks of C1s (296.8  eV), 
N1s (408.8  eV), and O1s (540.8  eV) were observed in 
X-ray photoelectron spectroscopy (XPS) full-wavelength 
spectrum of MCDs, with corresponding element per-
centages of 60.96%, 15.90%, and 23.14%, respectively 
(Fig. 1E). The high-resolution XPS spectra of C1s showed 
the four fitting bands of C-C/C = C (284.8  eV), C-O/C-
N (286.15 eV), C = O (287.7 eV), and O-C = O (298.1 eV) 
[53]. Among them, the integral areas of sp2 hybrid carbon 
C-C/C = C, sp2 hybrid carbon O-C = O, sp3 hybrid carbon 
C-O/C-N and sp3 hybrid carbon C = O were accounted 
to be 51.60%, 0.70%, 25.47% and 22.23% of the total C 
content of MCDs, respectively (Fig.  1F). Three bind-
ing energies of 399.93 eV, 401.48 eV, and 402.3 eV were 
fitted from high-resolution XPS spectra of N1s, which 
were derived from pyrrole nitrogen (70.89%), graphite 
nitrogen (20.32%) and amino nitrogen (8.79%), respec-
tively (Fig.  1G) [54]. The high-resolution XPS spectra 
of O1s had two fitting bands, indicating that O element 
mainly existed in the form of C = O (531.16  eV, 76.95%) 
and C-O (532.8  eV, 23.05%) (Fig.  1H). XPS results indi-
cate that MCDs are successfully doped with N element 
and the surface of MCDs is rich in electron-donating 
functional groups. The results of FTIR and XPS indi-
cate that metformin and MCDs have similar functional 
groups of -NH2 and C = N. While, MCDs display newly 
functional groups of -OH and C = O, which indicate that 
raw materials gradually oxidized and polymerized during 
hydrothermal process. Meanwhile, the presence of -NH2, 
-OH, and -COOH are the electron-donor groups. NMR 
was used for further chemical structure characterization 
of MCDs. The 13C NMR spectrum of metformin exhib-
ited a signal at approximately 160 ppm corresponding to 
the functional groups of C = N, while 40 ppm related to 
the methyl carbon (N-CH3). In the 1H NMR spectrum, 
the peak at 2–4 ppm corresponded to the functional 
groups of N-CH3, while the peak at 4.5-6.0 ppm ascribed 
to the C-NH2 and C = NH (Fig. S2A, S2B) [55]. Corre-
spondingly, the 13C NMR spectrum of MCDs displayed 
peaks in 20, 40, and 50 ppm associated with sp3 hybrid-
ized aliphatic C atoms in C-C, N-CH3, and C-O bonds, 
respectively. Peaks within the range of 100–140 ppm 
were indicated carbonization/nucleation of MCDs with 
C = C bonds [56]. The region between 160 and 180 ppm 
in the 13C NMR spectrum was attributed to C-NH2 and 
amide groups [57]. Furthermore, the peaks within the 
range of 2–4 ppm in 1H NMR spectrum of MCDs were 
the specific functional groups of CH-N, O-H, and N-H 
(Fig. S2C, S2D). NMR results proved that MCDs had 
the different structural feature with metformin. Besides, 
the functional groups of -OH, -COOH, and -NH2 were 

observed in NMR, which were consistent with the FTIR 
and XPS characterizations.

The antioxidant activity of MCDs was initially evalu-
ated using the ABTS radical scavenging assay. As the 
concentration of MCDs increased, the color of the ABTS 
gradually lightened, indicating the capability of MCDs to 
scavenge ABTS radicals (Fig. 1I). The ABTS radical scav-
enging rates revealed that both MCDs and AA exhibited 
concentration-dependent behavior in scavenging ABTS 
radicals (Fig.  1I). When MCDs reached a concentration 
close to 40  µg/mL and AA approached 6  µg/mL, the 
scavenging efficiencies for ABTS radicals were nearly 
100% and then stabilized. The half maximal effective con-
centration (EC50) values for scavenging ABTS radicals 
were approximately 14.72 µg/mL for MCDs and 1.99 µg/
mL for AA, respectively. In contract, the introduction of 
100 µg/mL metformin only exhibited 10.09% scavenging 
efficiencies for ABTS radicals, suggesting the little anti-
oxidant activity of metformin (Fig.  1I). After dissolved 
in ultrapure water and stored for one month, MCDs and 
AA achieved an EC50 of approximately 18.67 µg/mL and 
3.12  µg/mL for scavenging ABTS radicals, respectively 
(Fig. S3A). After three months of storage, these values 
increased to approximately 23.52  µg/mL for MCDs and 
5.17 µg/mL for AA (Fig. S3B), indicating that MCDs have 
preferable and stable ABTS radical scavenging perfor-
mance in a long-time period. Considering the fact that 
superoxide anion (O2

•−) and hydrogen peroxide (H2O2) 
play a main role in oxidative stress, the scavenging activi-
ties of MCDs towards O2

•− and H2O2 were further evalu-
ated. As shown in Fig. S4, MCDs exhibited excellent and 
concentration-dependent scavenging properties to O2

•− 
and H2O2. According to the structural characterization 
of MCDs, the presence of electron-donor groups (-NH2, 
-OH, and -COOH) as well as sp2/sp3 hybrid carbon net-
work structure are responsible for the effective ROS scav-
enging activity and other potential properties [44, 58, 59].

MCDs achieve targeting capability towards RA both in vitro 
and in vivo
The targeting ability of MCDs towards RA was examined 
using cellular uptake assay and in vivo animal imaging 
technique. Macrophages and FLSs are the two primary 
cell types affected by synovium inflammation in RA. 
RAW264.7 and FLS (Mouse-derived FLSs) were applied 
as representative cells for macrophages and FLSs, respec-
tively. Firstly, the accumulation capability of MCDs was 
assessed by confocal laser scanning microscopy (CLSM) 
in RAW264.7 and FLS in vitro. CLSM results showed 
that MCDs gradually accumulated in RAW264.7 both 
in normal and LPS and IFN-γ (LPS + IFN-γ) simulated 
inflammatory environments as the incubation time 
increased (Fig.  2A). The quantitative results of average 
fluorescence intensity indicated no significant difference 



Page 6 of 22Zhang et al. Journal of Nanobiotechnology           (2025) 23:58 

between these two environments at different periods 
(Fig. 2B). As for FLS, MCDs were also be uptaken in both 
normal and inflammatory environments with the exten-
sion of observation time (Fig. 2C). There was no signifi-
cant difference in the average fluorescence intensity of 
MCDs uptaken by FLS under different conditions at 2 h 
and 4  h of incubation (Fig.  2D). However, the average 
fluorescence intensity of MCDs in LPS + IFN-γ activated 
FLS was significantly higher than in the normal condition 
after 6  h of incubation. Above results demonstrate that 

MCDs can enter RAW264.7 and FLS in both normal and 
inflammatory environment, while FLS exhibit higher cel-
lular uptake of MCDs than RAW264.7 in the inflamma-
tory environment.

Cy5.5 with a red fluorescence is an effective labeling 
indicator for tracking distribution of nanoparticles in 
IVIS system [60]. The label of MCDs using Cy5.5 was 
characterized and proved by UV-vis absorbance and 
FTIR spectra (Fig. S5), and related explanation. The suc-
cessfully combined Cy5.5 and MCDs was introduced for 

Fig. 2 The in vitro and in vivo targeting capability of MCDs. (A) Confocal micrographs of cellular uptaken assay in normal and inflamed RAW264.7 for 
consecutive period (Blue fluorescence: MCDs, Scar bar = 200 μm). (B) Semi-quantitative results of fluorescence intensity from (A). The values reported are 
mean ± SD, n = 6. (C) Confocal micrographs of cellular uptaken assay in normal and inflamed FLS for consecutive period (Blue fluorescence: MCDs, Scar 
bar = 200 μm). (D) Semi-quantitative results of fluorescence intensity from (C). The values reported are mean ± SD, n = 6, *P < 0.05, **P < 0.01, ***P < 0.001. (E) 
Schematic diagram of biodistribution experiment in vivo. (F) Representative images of Cy5.5-MCDs fluorescence in normal and CIA rats after intravenous 
administration for different time points
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evaluating the in vivo distribution of MCDs. The in vivo 
distribution of Cy5.5-MCDs was observed following a 
single intravenous administration in both CIA and nor-
mal rats (Fig.  2E and F). Fluorescence of Cy5.5-MCDs 
was detected in both groups after 3 h of tail vein injec-
tion. In normal rats, the fluorescence of Cy5.5-MCDs was 
mainly concentrated in the abdominal area, with intensity 
gradually decreasing between 3 and 12 h and disappear-
ing within 24  h, indicating that the MCDs were mostly 
cleared from the body through metabolism (Fig.  2F). 
Nevertheless, Cy5.5-MCDs showed a strong fluorescent 
signal in the inflamed joints of CIA rats, with the highest 
accumulation at 3  h post-administration, followed by a 
gradual decrease over 24 h (Fig. 2F). The red fluorescence 
from Cy5.5-MCDs was no longer detectable in CIA rats 
after 48 h, suggesting nearly complete clearance of MCDs 
from the body. These results together confirm that the 
synthesized MCDs efficiently and selectively target pro-
inflammatory FLSs and achieve remarkably accumulation 
in inflamed joints of CIA rats. This targeting is facilitated 
by the ELVIS effect, attributed to the specific particle size 
and the main inflammatory response caused from cells in 
the joints of RA [61]. This establishes a solid foundation 
for the potential treatment of RA.

MCDs inhibit synovium inflammation and fibrosis in CIA 
rats
Hemolysis test was initially performed to evaluate the 
in vivo safety of MCDs for tail vein injection. As shown 
in Fig. S6, almost no hemolysis phenomenon was found 
with MCDs. The hemolysis rate of red blood cells was 
less than 5% when the concentration of MCDs ranging 
from 1 to 1500  µg/mL, indicating that MCDs had low 
toxicity to red blood cells. It is safe and reliable for MCDs 
to select appropriate concentration or dose for intrave-
nous injection.

The antirheumatic property of MCDs in CIA rats were 
extensively examined across different treatment groups 
(Refer to the “Materials and methods” section in the SI for 
the grouping method) (Fig. 3A). MTX, the gold standard 
for clinical RA treatment, was used as a positive drug 
control. After 21 days of arthritis induction, the paws 
and ankles of CIA rats showed severe swelling (Fig. S7). 
MCDs and MTX were then intravenously injected into 
CIA rats based on the different groups. The body weight, 
arthritis index, and the paw thickness of each group were 
measured every three days throughout the study period. 
Since the initial immunization, the body weight of CIA 
rats showed a slow growth trend and was significantly 
lower than that of normal rats. The daily activities of 
CIA rats were limited and affected seriously due to the 
local and systemic inflammatory reactions. After intra-
venous administration of MTX and MCDs, especially 
high dose of MCDs, the restriction of body weight was 

relieved (Fig.  3B). Compared to the Healthy group rats, 
the arthritis index and paw swelling were drastically 
increased and accompanied by severe inflammation in 
CIA rats. However, the increase of these signs was slower 
after the administration of MCDs and MTX. Notably, the 
arthritis index and paw swelling in MCDs-H group were 
significantly lower than MCDs-M and MCDs-L group, 
while showed no significant difference with MTX group 
(Fig. 3C and D). The impact of MCDs on oxidative stress 
level in CIA rats was investigated through the detec-
tion of tissue superoxide dismutase (SOD) and catalase 
(CAT) activity. As illustrated in Fig. S8, the activities of 
SOD and CAT in the CIA group were significantly lower 
than those in the Healthy group, indicating that there was 
a higher level of local oxidative stress in the joint tissues 
of CIA rats. When MCDs were injected into CIA rats 
via tail vein, the activities of SOD and CAT increased in 
varying extents. Compared with CIA group, the slightly 
enhanced SOD and CAT activities were observed in the 
MCDs-L, and MCDs-M groups (Fig. S8). Whereas, the 
MCDs-H and MTX groups showed increased SOD and 
CAT activity compared to the CIA group. The elevated 
SOD and CAT activity in cellular or tissue suggests a 
reduction in oxidative stress levels through the scaveng-
ing of O2

•− and H2O2, respectively [62], thereby confirm-
ing the in vivo antioxidant activity of MCDs.

Micro-CT imaging was employed to assess bone ero-
sion in the ankle joints of the six groups (Fig. 3E). The top 
and bottom figures represented the reconstructed micro-
CT images of the ankle joints after one and two weeks of 
different interventions. Red arrows indicated the areas 
of bone tissue damage. The Healthy group had smooth 
bone surfaces, whereas the CIA group showed a rough 
bone surface and severe bone erosion in the inflamed 
ankle with significant reduction in bone mineral den-
sity (BMD) (Fig. S9). The MCDs-L and MCDs-M groups 
exhibited reduced levels of bone destruction compared to 
the CIA group. Unsurprisingly, the MCDs-H and MTX 
groups resulted in smooth bone surface, favorable relief 
on bone erosion, and BMD levels approaching those of 
normal rats. All these data support that MCDs effectively 
promote the repair of erosive bone in CIA rats.

Histological analysis of rat ankle joints from different 
groups were conducted (Fig.  3F). H&E-stained sections 
in CIA group showed a large number of inflammatory 
cell infiltration and severe synovial hyperplasia (indi-
cated by black arrows). Compared to the CIA group, 
the MCDs-L and MCDs-M groups showed satisfying 
improvements in synovium invasion, although some 
inflammatory cell infiltration persisted. In the MCDs-H 
and MTX groups, infiltration of inflammatory cell in the 
synovium had been greatly ameliorated. The joint cavity 
surfaces in the MCDs-H and MTX groups showed clear 
boundaries and the minimal synovial hyperplasia, which 
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Fig. 3 Therapeutic efficiency of MCDs in CIA rats. (A) The schematic illustration of MCDs treatment in CIA rats. (B-D) The body weight, arthritis index, and 
paw swelling in different groups during experiment period. The values reported are mean ± SD, n = 6, *P < 0.05, **P < 0.01, ***P < 0.001. (E) Representative 
images of hindlimbs and micro-CT after one and two weeks of treatment from different groups. (F) The H&E, Safranin O, and Masson staining of ankle 
joints and synovium after one and two weeks of treatment from different groups (Scar bar = 200 μm)
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were similar to that in the Healthy group. Safranin-O 
staining of the ankle joints showed complete destruction 
of cartilage in the CIA group (black arrows) (Fig. 3F). A 
portion of cartilage in the MCDs-L and MCDs-M groups 
was damaged due to synovium invasion, but another 
portion remained intact. Moreover, cartilage structure 
of MCDs-H and MTX groups showed more intact and 
clearer boundaries than that of MCDs-L and MCDs-
M groups. Finally, compared with normal rats, Masson 
staining of synovial tissue revealed that pronounced col-
lagen fiber hyperplasia and deposition (red staining) were 
observed in CIA group, indicating obviously activation 
of FLSs and the presence of synovial fibrosis in CIA rats. 

The area of the red regions was significantly decreased in 
the MCDs-L and MCDs-M groups, suggesting the cer-
tain control of collagen fiber hyperplasia and deposition. 
Moreover, collagen fiber deposition in the synovial tissue 
greatly reduced after intravenous injection of MCDs-H 
and MTX, with the blue fibrosis regions in these groups 
recovered to a healthy level (Fig. 3F).

Immunohistochemical staining was carried out to indi-
cate the variable inflammation reaction. Compared to 
normal rats, the upregulated positive expression areas 
of TNF-α and IL-6 were found in CIA group, while the 
expression areas of IL-4 and IL-10 were downregu-
lated (Fig.  4A, Fig. S10). Additionally, the expression of 

Fig. 4 Immunohistochemical staining images of different indicators in CIA rats for evaluating antirheumatic effect of MCDs. (A) The inflammation related 
indicators of TNF-α, IL-6, IL-4, and IL-10. (B) The fibrosis related indicators of α-SMA and Col-I (Scar bar = 200 μm)
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these pro-inflammatory cytokines can be reduced as 
the increased dose of MCDs. Meanwhile, the changed 
expression of anti-inflammatory cytokines was observed 
in the MCDs and MTX groups with the opposite pat-
tern of pro-inflammatory cytokines. The levels of TNF-
α, IL-6, IL-4, and IL-10 in MCDs-H group were almost 
similar to the MTX group. Accordingly, the peripheral 
blood concentrations of TNF-α, IL-6, IL-4, and IL-10 in 
the all groups were detected. The MCDs treated groups 
inhibited the expression of pro-inflammatory cyto-
kines (TNF-α, IL-6) and promoted the secretion of anti-
inflammatory cytokines (IL-4, IL-10) (Fig. S11), which 
were consistent with the results of immunohistochemical 
analysis (Fig. S10). In addition, the expression of fibrosis 
related indicators (α-SMA and Col-I) were evaluated as 
well. Compared to the Healthy group, the immunohis-
tochemical images revealed the enhanced expression 
levels of α-SMA and Col-I in CIA group. Whereas, the 
α-SMA and Col-I levels were gradually suppressed with 
the increased dose of MCDs (Fig.  4B, Fig. S12). Among 
them, MCDs-H and MTX groups showed no significant 
difference with the Healthy group, confirming the inhibi-
tion effect of MCDs on synovial fibrosis.

The in vivo safety of MCDs was further examined 
by blood biochemistry and H&E staining of the main 
organs. It can be seen that the ALT and AST levels in the 
CIA group were higher than that in the Healthy group 
(Fig. S13). Among all intervention groups, the overall 
indicators of liver and kidney function decreased in CIA 
group after MCDs treatment, and showed no significant 
difference with the Healthy group. While, the levels of 
ALT, AST, BUN and CREA in the MTX group were sig-
nificantly higher than those in Healthy group (Fig. S13), 
implying that long-term systemic administration of 
MTX could cause damage to liver and kidney to a cer-
tain extent. The biochemistry indexes of MCDs-related 
groups were much lower than those of the MTX group 
and closed to the Healthy group, indicating that MCDs 
had little hepatorenal toxicity compared with MTX. In 
H&E staining, the hepatic sinusoidal hyperemia (black 
arrows) appeared in the liver of MTX group (Fig. S14), 
which is considered as the liver injury due to the cyto-
toxicity of MTX [63]. Abnormal changes and patho-
logical lesions were not observed in MCDs treated and 
Healthy groups, indicating the favorable biocompatibility 
of MCDs. Taken together, it deduces that MCDs with in 
vivo safety exert the in vivo treating effects of the syner-
gistic effects of ROS scavenging capability, immunomod-
ulatory capacity, preventing cartilage/bone destruction, 
and inhibiting synovial fibrosis.

MCDs display ROS scavenging and macrophages 
polarization through inhibiting NLRP3 inflammasome 
signaling pathway
It has been demonstrated that redox homeostasis and 
the polarization of the macrophage from M1 phenotypes 
to M2 phenotypes have beneficial therapeutic effects on 
RA [64]. Given the in vivo ROS scavenging and immu-
noregulation capabilities of MCDs, the in vitro anti-
oxidant and macrophage polarization effects of MCDs 
were evaluated. First, RAW264.7 and FLS were selected 
to evaluate the potential cytotoxicity of MCDs. At high 
concentrations of 1000 µg/mL, MCDs exhibited minimal 
cytotoxicity, indicating favorable in vitro biocompatibility 
(Fig.  5A and B). Contrastively, MTX inhibited the pro-
liferation of RAW264.7 and FLS when its concentration 
exceeded 200 µg/mL, implying the certain cytotoxicity of 
MTX (Fig. 5C and D). The stability of in vitro biocompat-
ibility of MCDs was also investigated. When dissolved in 
DMEM medium and stored for 1 and 3 months, MCDs 
did not exhibit cytotoxicity on these two cells, indicating 
the stable and reliable biocompatibility (Fig. S15). Com-
bined with the EC50 result of ABTS radical scavenging 
assay, the low (10 µg/mL), medium (30 µg/mL), and high 
(60  µg/mL) concentrations of MCDs were selected for 
evaluating the effects of MCDs on cells.

The intracellular ROS scavenging capability of MCDs 
was evaluated using the DCFH-DA probe to quantify oxi-
dative stress in cells. LPS + IFN-γ stimulated RAW264.7 
(M1 phenotype macrophages) and FLS showed a sig-
nificantly brighter DCFH-DA fluorescence compared to 
unstimulated macrophages and normal FLS (Fig. 5E and 
F). In comparison, increased MCDs significantly reduced 
the green fluorescence in RAW264.7 and FLS. The quan-
tified average fluorescence intensities of DCFH-DA in 
the intervention of high concentration MCDs decreased 
to about 78.15 ± 2.26% and 71.87 ± 3.67% compared with 
that in the LPS + IFN-γ-stimulated RAW264.7 and FLS, 
respectively (Fig.  5G and H). In addition, the SOD and 
CAT activity in LPS + IFN-γ stimulated RAW264.7 and 
FLS were significantly lower than control group (normal 
cells), while MCDs increased the SOD and CAT activity 
in a concentration-dependent manner (Fig. 5I-L). Mean-
while, the intracellular ROS scavenging performance 
of MCDs in THP-1-M and RA-FLS (Human-derived 
FLSs) were investigated and compared. Consistent with 
the results of RAW264.7 and FLS, MCDs could reduce 
the DCFH-DA fluorescence in LPS + IFN-γ-stimulated 
THP-1-M and RA-FLS (Fig. S16). The average fluores-
cence intensities with the treatment of 60 µg/mL MCDs 
decreased to about 66.37 ± 3.54% and 62.76 ± 4.83% 
compared with that in the LPS + IFN-γ-stimulated THP-
1-M and RA-FLS, respectively (Fig. S17). Equally, the 
enhanced SOD and CAT activity in LPS + IFN-γ stimu-
lated THP-1-M and RA-FLS could also be observed with 
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the increased MCDs (Fig. S18). As the raw materials of 
MCDs, the intracellular antioxidant ability of metformin 
was also investigated. For DCFH-DA staining, metfor-
min group showed no significant difference in average 
fluorescence intensities compared to that of LPS + IFN-γ 
stimulation (Fig.  5E-H, Fig. S16, Fig. S17). As for SOD 
and CAT activity, metformin could not significantly 

increase the intracellular SOD and CAT activity (Fig. 5I-
L, Fig. S18). Above results highlight that there is a high 
level of oxidative stress in LPS + IFN-γ stimulated macro-
phages and FLSs, while MCDs can elevate the intracellu-
lar SOD and CAT activity to scavenging ROS, suggesting 
that MCDs are promising candidate to relieve oxidative 
stress for clinical RA therapy.

Fig. 5 In vitro antioxidant ability of MCDs. (A, B) Cell viability of RAW264.7 and FLS cultured with different concentrations of MCDs (0–1000 µg/mL) for 
24 h. The values reported are mean ± SD, n = 6. (C, D) Cell viability of RAW264.7 and FLS cultured with different concentrations of MTX (0–1000 µg/mL) 
for 24 h. The values reported are mean ± SD, n = 6, *P < 0.05, **P < 0.01, ***P < 0.001. (E, F) Representative images of DCFH-DA staining in RAW264.7 and FLS 
after different intervention (Scar bar = 200 μm). (G, H) Quantitative results of DCFH-DA fluorescence intensity in RAW264.7 and FLS from different groups. 
The values reported are mean ± SD, n = 6, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (I, J) The SOD and CAT activity of RAW264.7 in different groups. The 
values reported are mean ± SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (K, L) The SOD and CAT activity of FLS in different groups. The values 
reported are mean ± SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Since MCDs efficiently inhibit released pro-inflam-
matory cytokines in vivo, the role of MCDs in M1/M2 
polarization was explored using mouse and human mac-
rophage cell lines RAW264.7 and THP-1-M. The expres-
sion levels of M1 (TNF-α, IL-6) and M2 (IL-4, IL-10) 
markers in macrophage supernatant were studied and 

compared in unstimulated macrophages intervened with 
different concentrations of MCDs. After co-cultured 
with MCDs for 24 h, the expression level of M1 markers 
(TNF-α, IL-6) downregulated with the enhanced MCDs, 
with the significant difference with the control group in 
the 60  µg/mL MCDs group (Fig.  6A, Fig. S19A, S19B). 

Fig. 6 MCDs induced macrophages polarization from pro-inflammatory M1 phenotype to anti-inflammatory M2 phenotype in normal and inflamed 
condition. (A, B) The expression level of M1 marker (TNF-α, IL-6) and M2 marker (IL-4, IL-10) in RAW264.7 cultured with different concentrations of MCDs 
without inflammation stimulation. The values reported are mean ± SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001. (C) The M1 phenotype macrophage (CD86+) 
proportion of different groups in RAW264.7 without inflammation stimulation detected by flow cytometry. (D) Quantitative results of M1/M2 ratio from 
(C). The values reported are mean ± SD, n = 6, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (E, F) The expression level of M1 marker (TNF-α, IL-6) and M2 
marker (IL-4, IL-10) in RAW264.7 cultured with different concentrations of MCDs with LPS + IFN-γ stimulation. The values reported are mean ± SD, n = 3, 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (G) The M1 phenotype (CD86+) and M2 phenotype (CD206+) macrophage proportion of different groups in 
RAW264.7 with LPS + IFN-γ stimulation detected by flow cytometry. (H) Quantitative results of M1/M2 ratio from (G). The values reported are mean ± SD, 
n = 6, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (I) The protein expression level of NLRP3 in RAW264.7 after different intervention detected by western 
blot
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Correspondingly, the M2 markers (IL-4, IL-10) expres-
sion level upregulated with the increased concentration 
of MCDs. Among them, the 10 µg/mL MCDs and 30 µg/
mL MCDs groups showed no significant difference with 
the control group, while the 60  µg/mL MCDs group 
increased distinctly (Fig. 6B, Fig. S19C, S19D). Moreover, 
macrophage polarization in RAW264.7 and THP-1-M 
was evaluated by flow cytometry after staining with anti-
CD86 (M1 biomarker) and anti-CD206 (M2 biomarker). 
Consistent with the ELISA results, the M1/M2 ratios 
decreased from 7.16 ± 1.14 and 5.92 ± 1.09 to 2.27 ± 0.87 
and 1.87 ± 0.23 in RAW264.7 and THP-1-M, respectively 
(Fig. 6C and D, Fig. S20).

When pretreated by LPS + IFN-γ, the expression level 
of M1 markers (TNF-α, IL-6) increased substantially 
compared to the control group, while M2 markers (IL-
4, IL-10) were suppressed under inflammation (Fig.  6E 
and F, Fig. S21). While, MCDs treatment can effec-
tively reversed these situations, normalizing the expres-
sion levels of both M1 and M2 markers. Stimulated by 
LPS + IFN-γ, the proportion of M1 macrophages was 
greatly increased to 73.8% and 13.7% compared to the 
control group in RAW264.7 and THP-1-M, respectively 
(Fig.  6G and H, Fig. S22). Nevertheless, MCDs treat-
ment reduced the proportion of M1 macrophages to 
61.4% and 0.094%, while the proportion of M2 macro-
phages increased from 0.64% and 3.32–1.77% and 21.6% 
in RAW264.7 and THP-1-M, respectively. These results 
suggest that the anti-inflammatory effect of MCDs con-
tributes largely to the transformation of macrophages 
from M1 to M2 phenotype in normal and inflammatory 
conditions. The immunoregulation stability of MCDs 
was further investigated. After 1 and 3 months of stor-
age, MCDs still could downregulate the expression level 
of M1 markers (TNF-α, IL-6) while upregulate the M2 
markers (IL-4, IL-10) expression, particularly at higher 
concentrations of MCDs (Fig. S23).

The activation of NLRP3 inflammasome, which can be 
induced by oxidative stress, promotes structural changes 
in NLRP3 and enhances its formation in M1 macro-
phages, leading to increased M1 polarization [65]. Tak-
ing into account the proved antioxidant performance and 
promoting M2 macrophages polarization of MCDs, the 
association of macrophages polarization and the inhibi-
tion of the NLRP3 inflammasome caused by MCDs were 
explored in RA model using western blot. In the presence 
of LPS + IFN-γ, the protein expression level of NLRP3 was 
greatly increased via stimulation compared to unstimu-
lated RAW264.7 and THP-1-M (control group) (Fig.  6I, 
Fig. S24, Fig. S25). MCDs treatment resulted in a marked 
reduction in NLRP3 expression. Moreover, treated cells 
with high concentration of MCDs showed no significant 
difference with the control groups (Fig. 6I, Fig. S24, Fig. 
S25). The results support that MCDs possibly realize 

macrophage M2 type polarization through inhibiting 
NLRP3 inflammasome signaling pathway, which is acti-
vated under oxidative stress and pro-inflammatory con-
ditions in RA.

MCDs inhibit synovium inflammation and fibrosis by 
blocking IL-6/gp130 signaling pathway
Besides macrophages, the severity and progression of 
RA is also influenced by FLSs [66]. As the confirmed in 
vivo potency of MCDs by reducing the inflammation and 
fibrosis level, the in vitro effects of MCDs on the prolif-
eration, migration, apoptosis, and fibrosis of FLSs were 
studied to understand their underlying mechanisms. 
The FLS and RA-FLS were applied as the representa-
tive model cells. Compared to the control group, the cell 
viabilities of FLS and RA-FLS significantly increased 
with LPS + IFN-γ stimulation (Fig. 7A, Fig. S26), suggest-
ing that the hyperplasia of FLS and RA-FLS occurred 
in inflammatory environment. However, the hyperpla-
sia began to decrease as the added MCDs, and gradu-
ally reduced to normal levels with 60  µg/mL MCDs 
treatment.

The effect of MCDs on FLSs apoptosis under inflam-
matory condition was evaluated by flow cytometry. As 
shown in Fig. 7B and C and Fig. S27, the rate of apopto-
sis in LPS + IFN-γ stimulated two cell types were signifi-
cantly lower than the control group, indicating that FLSs 
underwent less apoptosis in the inflammatory environ-
ment, which was consistent with the results of its exces-
sive proliferation. After incubation with MCDs, the rate 
of apoptosis increased from 0.10 ± 0.04% and 5.26 ± 1.07% 
to 21.39 ± 2.51% and 38.69 ± 2.74% in FLS and RA-FLS, 
respectively. These results indicate that MCDs signifi-
cantly promote synoviocyte apoptosis under inflamma-
tory conditions.

Then, the migration of FLSs was studied by Transwell 
assay. In normal conditions, there was no significant dif-
ference in the number of migration cells between the 
MCDs-treated groups and the control group, indicat-
ing that MCDs had minimal effect on FLSs migration 
under these conditions (Fig. S28, Fig. S29). However, the 
migration of LPS + IFN-γ-stimulated FLSs remarkably 
increased compared to the control group (Fig. 7D and E, 
Fig. S30). Meanwhile, the migration cell number of FLSs 
gradually decreased in a concentration-dependent man-
ner with the intervention of MCDs in the inflammatory 
environment.

The potential inhibition of MCDs on the inflamma-
tion and fibrosis were evaluated by monitoring the intra-
cellular expression level of TNF-α, IL-6, α-SMA, and 
Col-I in activated FLSs. Stimulated by LPS + IFN-γ, the 
expression levels of TNF-α, IL-6, α-SMA, and Col-I in 
FLSs were significantly increased compared to the con-
trol group, indicating a higher inflammation and fibrosis 
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existed in mimetic RA microenvironment (Fig.  7F-I, 
Fig. S31). When treated with MCDs, the relative expres-
sion level of TNF-α, IL-6, α-SMA, and Col-I gradually 
decreased. Consist with the ELISA results, the western 
blot (Fig. 7J-L, Fig. S32) implied that the expression level 
of the fibrosis indicators (α-SMA and Col-I) generally 

downregulated with the intervention of MCDs. Consid-
ering macrophages and FLSs are the main cells involved 
in RA, the interaction between the two cells were clari-
fied using a co-culture model of macrophages and FLSs 
through Transwell plates (Fig. 8A). Equally, the intracel-
lular expression levels of inflammation (TNF-α, IL-6) and 

Fig. 7 MCDs inhibited the proliferation, migration, inflammation, and fibrosis in FLSs. (A) Cell viability of inflamed FLS exposed to different concentrations 
of MCDs for 24 h. The values reported are mean ± SD, n = 6, *P < 0.05, **P < 0.01, ***P < 0.001. (B) Flow cytometry assay to evaluate the impact of MCDs on 
inflamed FLS’s apoptosis. (C) Quantitative results of apoptosis rate in different groups from (B). The values reported are mean ± SD, n = 3, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001. (D) Representative images of inflamed FLS’s migration under different intervention by Transwell assay (Scar bar = 200 μm). 
(E) Quantitative results of migration cell number in different groups from (D). The values reported are mean ± SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. (F-I) The expression level of TNF-α, IL-6, α-SMA, and Col-I in inflamed FLS with MCDs treatment. The values reported are mean ± SD, n = 3, 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (J) Protein band results of α-SMA and Col-I in inflamed FLS after different intervention. (K, L) Quantitative 
results of α-SMA and Col-I protein expression level in different groups from (J). The values reported are mean ± SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001
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fibrosis (α-SMA, Col-I) in different groups were detected 
by ELISA. The expression levels of TNF-α, IL-6, α-SMA, 
and Col-I in FLSs were significantly higher than those 
in the control group (Fig.  8B-E, Fig. S33). The expres-
sion levels of TNF-α, IL-6, α-SMA, and Col-I in the 
FLSs showed a corresponding downward trend with the 
treatment of the co-culture of MCDs and macrophages. 
Furthermore, compared to the LPS + IFN-γ stimu-
lated group, the mRNA expression levels of α-SMA and 
Col-I in FLSs decreased with the intervention of MCDs 
(Fig.  8F and G, Fig. S34), consistent with the results of 
ELISA assay. All these findings indicate that MCDs not 
only directly reduce the intracellular expression level of 
inflammation and fibrosis in FLSs, but also suppress rela-
tive expression of inflammation and fibrosis through the 
immunoregulation of macrophages. At the same time, 
the efficacy of MCDs in maintaining homeostasis of FLSs 
under inflammatory environment has also been validated 
in human-derived FLSs, indicating its potential applica-
tion in clinical antirheumatic therapy.

The modulation of IL-6/gp130 pathway can affect the 
synovial inflammation and the proliferation, migra-
tion and fibrosis of FLSs at the same time [27]. Figure 6 

confirms that MCDs induce the polarization of mac-
rophages from M1 phenotype to M2 phenotype with 
the reduced secretion of IL-6. In addition, MCDs exerts 
immunomodulatory effects on macrophages and reduces 
the expression level of IL-6 and fibrosis related indica-
tors in FLSs based on co-culture Transwell model (Fig. 8). 
IL-6 is the upstream of gp130 [67]. It is hypothesized 
that MCDs inhibit the proliferation, migration and fibro-
sis of FLSs by inhibiting the IL-6/gp130 pathway, while 
reducing the level of intracellular inflammation. The 
co-culture model of macrophages and FLSs (Fig.  8A) 
was further used to evaluate the effects of MCDs on the 
protein expression levels of IL-6 and gp130 in inflamma-
tory environment by western blot. It was found that the 
protein expression levels of IL-6 and gp130 in FLSs were 
significantly increased after macrophages stimulated by 
LPS + IFN-γ (Fig. 9A-C, Fig. S35). The protein expression 
levels of IL-6 and gp130 in FLSs gradually decreased after 
the intervention of the enhanced MCDs. Besides, immu-
nohistochemical analysis suggested that the synovium 
expression level of gp130 reduced as the increased does 
of MCDs in CIA rats (Fig. S36). Furthermore, the effects 
of MCDs on proliferation, migration and fibrosis of FLSs 

Fig. 8 MCDs exerted anti-inflammatory and anti-fibrosis effect in FLSs through macrophage immunoregulation by Transwell co-culture. (A) The sche-
matic illustration of the co-cultured model of FLSs and macrophages. (B-E) The expression level of TNF-α, IL-6, α-SMA, and Col-I in inflamed FLS after 
different concentrations of MCDs cultured with RAW264.7. The values reported are mean ± SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (F, G) 
The mRNA expression level of α-SMA and Col-I in inflamed FLS after different concentrations of MCDs cultured with RAW264.7. The values reported are 
mean ± SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001
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after intervention of gp130 were evaluated by introduc-
ing gp130 inhibitor (SC144) and activator (UCLA GP130 
2). As for proliferation, the cell viability of FLSs decreased 
significantly after the intervention of MCDs and SC144 
compared to the inflammation modeling group, and 
showed similar cell viability to the control group (Fig. 9D 
and E, Fig. S37). Correspondingly, the proliferation 
activity of FLSs significantly increased compared to the 

normal cells after UCLA GP130 2 treatments. By Tran-
swell assay, the number of cell migration in FLSs began 
to decline similar to that in MCDs with adding SC144, 
and showed no significant difference with the normal 
cells (Fig. 9F and H, Fig. S38). On the other hand, UCLA 
GP130 2 treatments significantly increased FLSs migra-
tion compared to the control group and MCDs-treated 
group (Fig.  9G and I, Fig. S39). Correspondingly, the 

Fig. 9 MCDs achieve anti-inflammation and suppress the proliferation, migration and fibrosis of FLSs by inhibiting IL-6/gp130 signaling pathway. (A) 
Protein band results of IL-6 and gp130 in inflamed FLS after different intervention. (B, C) Quantitative results of IL-6 and gp130 protein expression level in 
inflamed FLS from (A). The values reported are mean ± SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (D, E) Cell viability of inflamed FLS exposed 
to MCDs, gp130 inhibitor (SC144), gp130 activator (UCLA GP130 2) for 24 h. The values reported are mean ± SD, n = 6, *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. (F, G) Representative images of inflamed FLS’s migration under different intervention by Transwell assay (Scar bar = 200 μm). (H, I) Quantita-
tive results of migration cell number in different groups from (F, G). The values reported are mean ± SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001. (J, K) Protein 
band results of α-SMA and Col-I in inflamed FLS after different intervention. (L-O) Quantitative results of α-SMA and Col-I protein expression level in 
inflamed FLS from (J, K). The values reported are mean ± SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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fibrosis related indexes (α-SMA, Col-I) decreased simi-
lar to that of the MCDs and control group with treat-
ing SC144 (Fig. 9J, L and M, Fig. S40). Nevertheless, the 
protein expression levels of α-SMA and Col-I in FLSs 
increased significantly compared to the MCDs and con-
trol group following the UCLA GP130 2 interventions 
(Fig.  9K, N and O, Fig. S41). Therefore, gp130 activator 
could promote the proliferation, migration and fibrosis of 
FLSs in inflammatory condition, while both gp130 inhibi-
tor and MCDs is able to suppress the above activities. To 
sum up, MCDs achieve anti-inflammation and suppress 
the proliferation, migration and fibrosis of FLSs by inhib-
iting IL-6/gp130 signaling pathway.

Discussion
Nowadays, RA presents a significant challenge to clini-
cians and researchers due to its complex and not fully 
understood etiology and pathogenesis. Redox imbal-
ance and chronic inflammation are the two major fea-
tures of RA. Excessive production of ROS could trigger 
the release of pro-inflammatory cytokines from immune 
cells, aggravating the inflammatory response. This 
heightened inflammation, in turn, increases oxidative 
stress, creating a vicious cycle of injury and inflamma-
tion [68, 69]. In addition, persistent synovial inflamma-
tion can lead to bone erosion and excessive proliferation 
and invasion of FLSs, ultimately resulting in joint dys-
function in RA patients [66, 70]. Current antirheumatic 
drugs can partially alleviate the symptoms of RA, but 
they are associated with a series of long-term side effects 
[29, 66]. These drugs typically suffer from low specificity 
and undergo rapid metabolism and clearance from the 
body [71]. Nanomaterials and nanomedicine offer prom-
ising directions for the treatment of RA [64, 72]. Nano-
drug delivery systems have been implemented to address 
RA by improving drug stability, controlled release, and 
targeted delivery [72, 73]. Despite these advancements, 
existing nanomaterials often fail to fully address the 
specific microenvironment of RA and lack a thorough 
understanding of their underlying mechanisms.

Ideal medications or biomaterials for treating RA 
should effectively target both the inflamed joints and 
the relevant inflamed cells. As a first-line treatment for 
RA, MTX is effective in controlling disease progression 
and serves as a representative therapy in this regard. The 
use of MTX and other medications still have the prob-
lem of off-target [74, 75]. Due to the lack of the modi-
fication of antibodies or ligand on MCDs, it is hard for 
MCDs achieving specific active targeting based on cer-
tain molecular mechanism [76]. Specific particle size of 
nanomaterials could passively target inflamed sites due 
to ELVIS effect. MCDs can achieve passive targeting and 
accumulation through the physicochemical properties. 
The characterization of MCDs showed the average size of 

3.1 nm and spherical structure. The targetability of MCDs 
to RA was found in vitro and in vivo. The cell uptake 
assay showed that MCDs could be uptaken by RAW264.7 
and FLS in normal condition, while it appeared more 
enrichment by inflammatory FLS. The in vivo biodistri-
bution results showed that MCDs could accumulated in 
inflamed joints of CIA rats. Optimal biocompatibility is 
also of importance for clinical application. Long-term 
administration of MTX commonly results in systemic 
toxicity [77, 78]. Impaired liver and kidney function were 
observed in CIA rats after two weeks of intravenous 
injection of MTX according to histopathological and 
blood biochemical tests. Invisible cytotoxicity was found 
in macrophages and FLSs when MTX’s concentration 
exceeded 400 µg/mL. Carbon dots are widely used in the 
biomedical field because of the favorable biocompatibility 
[79]. To realize this vision, the synthetic and preparation 
of MCDs aims to address RA through systemic admin-
istration. Indeed, little damages were observed in the 
structure and function of main organs in CIA rat with 
the treating period of MCDs. Simultaneously, MCDs 
behaved excellent biocompatibility when cultured with 
macrophages and FLSs. Above results demonstrated that 
MCDs owned preferable targetability in inflamed cells 
and joints as well as favorable biocompatibility compared 
to MTX, which laid a robust foundation for the manage-
ment of RA.

There is a high level of synovial inflammation and over-
production of ROS at inflamed sites in RA. Researchers 
focus on developing strategies that serve as an antioxi-
dant while also inducing macrophages polarization to 
exert an anti-inflammatory effect [80, 81]. Our previous 
work has indicated that antioxidant CDs exhibited well 
performance in scavenging relative free radicals [44]. 
The molecular structure of the MCDs included amido, 
hydroxide, and carboxyl groups, which are significant 
for their antioxidant function. Similarly, MCDs realized 
favorable radical scavenging activity to ABTS, O2

•−, and 
H2O2. In CIA rats or inflamed macrophages/FLSs, MCDs 
elevated the SOD and CAT activity to scavenging O2

•− 
and H2O2 for the achievement of preferable antioxidant 
performance. Besides, MCDs could increase the expres-
sion of anti-inflammatory cytokines (IL-4, IL-10) while 
reduce the pro-inflammatory cytokines (TNF-α, IL-6) 
expression in CIA rats. Accordingly, the level of synovial 
inflammation in CIA rats decreased, and the progres-
sion of bone erosion also prohibited. MCDs could down-
regulated the expression level of M1 biomarker (TNF-α, 
IL-6), while upregulated the M2 biomarker (IL-4, IL-10) 
expression level whether in normal or LPS + IFN-γ stimu-
lated macrophages. Notably, NLRP3 inflammasome is 
closely associated with immunoregulation. Activated 
NLRP3 inflammasome could induce M1 phenotype mac-
rophage with the released pro-inflammatory cytokines. 
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In this study, MCDs downregulated the expression level 
of NLRP3 in inflamed macrophages as well as effec-
tively scavenging overproduction of intracellular ROS. 
In depth, MCDs exerted immunoregulation effect 
through inhibiting NLRP3 inflammasome signaling path-
way. MCDs possessed satisfied antioxidant ability, and 
induced macrophages polarization from M1 phenotype 
to M2 phenotype to realizing anti-inflammatory effect.

Nevertheless, antioxidant and anti-inflammatory ther-
apy cannot achieve fully remission for RA [82]. Over-
proliferation, invasion, and fibrosis of FLSs gradually 
become the focus of research which is considered as the 
promising therapeutic target for RA [83, 84]. The severe 
synovial hyperplasia and fibrosis of FLSs were found in 
CIA rats compared to the normal rats through histol-
ogy and immunohistochemistry. After the intravenous 
treatment of MCDs, prohibited synovial hyperplasia 
and downregulated expression level of fibrosis related 
indicators (α-SMA, Col-I) were observed. Equally, more 
visible cell proliferation, less apoptosis, remarkable 
migration, and upregulated expression level of fibrosis 
were discovered in LPS + IFN-γ stimulated FLSs. MCDs 
reduced the cell viability and promoted the apoptosis 
rate of inflamed FLSs. The results of Transwell assay sug-
gested that MCDs exhibited no effect on the migration 
of FLSs while inhibited the migration under inflamma-
tion condition. Besides, MCDs could reduce the expres-
sion level of inflammation and fibrosis in inflammatory 
FLSs. The co-culture model further confirmed that 
MCDs downregulated the expression of inflammatory 
and fibrosis indicators in FLSs through interacting with 
macrophages. Importantly, the similar therapeutic effects 
of MCDs on mouse-derived FLSs could be achieved in 
human-derived FLSs, indicating the great clinical appli-
cation prospect of MCDs in antirheumatic therapy. Fur-
thermore, the molecular mechanism by which MCDs 
exerted the effects on FLSs indicated that MCDs could 
downregulate the expression level of IL-6 and gp130 (the 
downstream of IL-6). The relative results by introducing 
the inhibitor and activator of gp130 implied that MCDs 
acted as a gp130 inhibitor. Hence, MCDs exerted anti-
inflammatory effects while suppressing the prolifera-
tion, migration, and fibrosis of FLSs by blocking the IL-6/
gp130 signaling pathway.

In brief, the CIA animal and inflamed cell models were 
constructed and applied to evaluate the treating effect of 
MCDs on RA in vivo and in vitro with the clarified mech-
anism. Though favorable therapeutic effect observed, 
there are still some limitations in this study. First, bone 
erosion is a significant symptom of severe RA. Although 
MCDs show visibly superior bone repair effect similar to 
MTX, there are lack of more evidences for the detailed 
inhibition process of MCDs on bone erosion and destruc-
tion in vitro. Next, macrophages (RAW264.7, THP-1-M) 

and FLSs (FLS, RA-FLS) are adopted in this study, and 
stimulated by LPS + IFN-γ to mimic in vitro model of RA. 
However, these cell lines do not fully represent the real 
disease microenvironment of RA. It would be preferable 
to select macrophages and FLSs isolated from RA animal 
model or patients for further study. Then, as an autoim-
mune disease, the pathogenesis of RA is relatively com-
plex. Despite of adaptive immunity, innate immunity also 
participates in the progression of RA [85, 86]. Since pro-
inflammatory cytokines have been reported to activate 
various innate immune cells, including natural killer cells, 
mast cells, dendritic cells and so on [87–89]. It is possible 
that MCDs may exert antirheumatic effects by regulat-
ing innate immune cells. Also, a dynamic observation 
and comparison lacked in the animal study. For example, 
more observation time points which used for radiology 
and histopathological analysis were more appropriate for 
therapeutic evaluation. In addition, biochemical analy-
sis before treatment should be served as baseline data 
for comparing post-treatment indicators, which would 
be better for monitoring therapeutic effect and safety of 
MCDs during therapy period. Finally, it is concluded that 
MCDs realize the immunoregulation of macrophages 
and homeostasis of FLSs through regulating the expres-
sion of NLRP3, IL-6, and gp130. Nevertheless, further 
exploration is needed to elucidate the precise regulatory 
mechanisms of MCDs and their corresponding molecu-
lar pathways.

Conclusion
To address RA through the modulation of the disease 
microenvironment, metformin-derived CDs (MCDs) 
were synthesized using one-step hydrothermal method. 
MCDs demonstrated effective accumulation in the 
inflamed joints and inhibited the progression of arthri-
tis, inflammation infiltration, synovial hyperplasia, bone 
erosion, and synovial fibrosis in RA animal models. Fur-
thermore, MCDs not only promoted the polarization of 
macrophages towards M2 phenotype without stimula-
tion, but also eliminated the cellular ROS in RA micro-
environment as well as inhibiting NLRP3 inflammasome 
signaling pathway, effectively polarized them into the 
M2 phenotype to realize the anti-inflammatory effect. 
Meanwhile, MCDs inhibited the proliferation, migration, 
and fibrosis in FLSs while reducing the level of synovial 
inflammation by blocking IL-6/gp130 signaling pathway. 
In vivo and in vitro results collectively demonstrated 
that MCDs could reshape the inflammatory RA micro-
environment into anti-inflammatory state by scavenging 
overproduction of ROS, promoting the M1 phenotype to 
M2 phenotype macrophage repolarization, and restoring 
the homeostasis of FLSs. Taken together, the designed 
MCDs with prominent biocompatibility, antioxidant, and 
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anti-inflammatory activities provides a promising thera-
peutic strategy for RA.
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