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Abstract

Background: Rheumatic heart disease (RHD) is an autoimmune disease caused by recurrent infections of Group A streptococcus (GAS),
ultimately leading to inflammation and the fibrosis of heart valves. Recent studies have highlighted the crucial role of C-C chemokine re-
ceptor type 2-positive (CCR2+) macrophages in autoimmune diseases and tissue fibrosis. However, the specific involvement of CCR2+

macrophages in RHD remains unclear. Methods: This study established an RHD rat model using inactivated GAS and complete Freund’s
adjuvant, demonstrating a correlation between CCR2+ macrophages and fibrosis in the mitral valves of these rats. Results: Intraperi-
toneal injection of the CCR2 antagonist Rs-504393 significantly reduced macrophage infiltration, inflammation, and fibrosis in valve
tissues of RHD rats compared to the solvent-treated group . Existing evidence suggests that C-C motif chemokine ligand 2 (CCL2) acts
as the primary recruiting factor for CCR2+ cells. To validate this, human monocytic leukemia cells (THP-1) were cultured in vitro to
assess the impact of recombinant CCL2 protein on macrophages. CCL2 exhibited pro-inflammatory effects similar to lipopolysaccha-
ride (LPS), promoting M1 polarization in macrophages. Moreover, the combined effect of LPS and CCL2 was more potent than either
alone. Knocking down CCR2 expression in THP-1 cells using small interfering RNA suppressed the pro-inflammatory response and M1
polarization induced by CCL2. Conclusions: The findings from this study indicate that CCR2+ macrophages are pivotal in the valvular
remodeling process of RHD. Targeting the CCL2/CCR2 signaling pathway may therefore represent a promising therapeutic strategy to
alleviate valve fibrosis in RHD.
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1. Introduction

Rheumatic heart disease (RHD) is a leading cause of
cardiac mortality in adolescents and remains a significant
global public health challenge [1]. Acute rheumatic fever
(ARF) typically manifests approximately three weeks after
a pharyngeal infection with Group A streptococcus (GAS),
with RHD representing its most severe complication [2].
Pathological changes in RHD arise from recurrent asymp-
tomatic ARF episodes, leading to cumulative chronic dam-
age to the heart valves. This process ultimately results
in regurgitation and/or stenosis of the mitral and/or aor-
tic valves, precipitating complications [3]. However, un-
derstanding of the drivers and specific biological processes
underlying inflammation and fibrosis development in RHD
valves remains limited.

A substantial body of research on RHD supports the
perspective that immune cells and the cytokines they pro-
duce act as mediators of valve damage [4,5]. Studies on
immune cells have shown widespread infiltration of CD4+

T cells in RHD valves. These CD4+ T cells not only rec-
ognize the pathogenic M protein of streptococci but also
target self-antigens in cardiac tissues, resulting in secre-
tion of various cytokines [6,7]. Recent experimental ev-
idence has uncovered the crucial role of macrophages in
regulating inflammation and fibrosis within RHD valves
[8,9]. Notably, depleting macrophages alleviates valve in-
flammation, highlighting their potential role in valve my-
ocarditis [10]. The C-C chemokine receptor type 2 (CCR2)
receptor is primarily expressed on the surface of mono-
cytes and macrophages and is considered to play a crit-
ical role in guiding macrophage infiltration into sites of
inflammation [11]. The interaction between the CCR2
and C-C motif chemokine ligand 2 (CCL2) receptors has
been extensively validated, emphasizing their significant
involvement in the pathogenesis of various autoimmune
diseases such as rheumatoid arthritis, osteoarthritis, lupus
nephritis, and scleroderma [12–15]. Furthermore, these re-
ceptors are closely associated with processes such as car-
diac fibrosis, liver fibrosis, renal fibrosis, and cystic fibro-
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sis [16–20]. Therefore, investigating the potential role of
the CCL2/CCR2 axis in mediating macrophage recruitment
and activation is crucial for understanding the remodeling
of RHD valves.

This study investigated several pivotal questions: (1)
Are CCR2+ macrophages present in the valves of patients
with RHD? (2) Is CCL2 expressed in the valve cells of RHD
patients? The objective was to use an animal model to de-
termine whether activation of the CCL2/CCR2 axis dur-
ing RHD facilitates the recruitment of macrophages. (3)
Does blocking the CCL2/CCR2 signaling pathway result in
inhibition of macrophage recruitment and infiltration, and
subsequently mitigate inflammation and fibrosis in RHD
valves? (4) The role of the CCL2 protein in macrophages
was also investigated in vitro. The study confirmed the piv-
otal role of CCR2+ macrophages in the fibrosis process in
RHD valves. This finding underscoresthe potential effec-
tiveness of inhibiting the CCL2/CCR2 signaling pathway in
macrophages as a therapeutic strategy for reducing fibrosis
in the valves of patients with RHD.

2. Materials and Methods
2.1 Collection of Mitral Valve Tissue

Ethical approval for the study was obtained from the
Medical Ethics Committee of the First Affiliated Hospi-
tal of Guangxi Medical University, and informed con-
sent forms were signed by all patients and their families.
Heart valves were obtained from three female patients aged
45–55 years diagnosed with RHD, who had undergone
mitral valve replacement at the First Affiliated Hospital
of Guangxi Medical University. Immediately after dis-
section, the valves were placed in pre-cooled phosphate-
buffered saline, cleansed of surface blood, and then fixed
in 4% paraformaldehyde (P1110, Beijing Solarbio Science
& Technology Co., Ltd., Beijing, China).

2.2 Preparation of Antigen
Group A Streptococcus (GAS, American Type Cul-

ture Collection) was inoculated into Brain Heart Infusion
Powder (Guangdong Huankai Microbial Technology Co.,
Ltd., Guangdong, China) and then incubated at 37 °C for
24 h using a rotary mixer (Fuma, Shanghai, China) at 110
r/min. Bacterial fluids were collected and fixed in 4%
paraformaldehyde for 12 h, then washed five times with
saline before being finally diluted to 10 × 1011 CFU/mL
in saline. Antigen A was prepared by emulsification us-
ing a sonicator (Sonics & Materials, Inc, Newtown, CT,
USA) at the time of administration, while antigen B was
prepared by mixing 1:1 with complete Freund’s adjuvant
(F5881, Sigma-Aldrich, Darmstadt, Germany).

2.3 Animal Models
All animal experimental procedures adhered to ethical

guidelines for animal care and use, approved by the First
Affiliated Medical Ethics Committee of Guangxi Medical

University Affiliated Hospital (Approval Number: 2023-
E751-01). Twenty-four 10-week-old female Lewis rats
were obtained fromBeijing Viton Lihua Laboratory Animal
Technology Co., Ltd. (Beijing, China) and were randomly
assigned to three groups: Control, RHD, or RHD+Rs-
504393 groups, each comprising eight rats. After one week
of acclimatization and feeding in the Guangxi Medical Uni-
versity Laboratory Animal Center (SPF grade), the rats re-
ceived an initial injection of 0.2 mL of antigen B (bacterial
emulsion: complete Fuchs’ adjuvant = 1:1) into the footpad
under 2% concentration of isoflurane. Following a week of
rest, 0.5 mL of antigen B was injected subcutaneously into
the abdominal wall, repeated once a week for four consecu-
tive weeks. Additionally, 0.5 mL of antigen A (inactivated
GSA) was injected subcutaneously into the abdominal wall
after a one-week rest period following the completion of
the antigen B injections [21,22]. The Rs-504393 treatment
group received intraperitoneal injections of 5 mg/kg of the
CCR2 antagonist (Rs-504393, BD218736, Shanghai Bide
Pharmaceutical Technology Co., Ltd., Shanghai, China)
concurrently with the first subcutaneous injection of anti-
gen B into the abdominal wall. This treatment was admin-
istered once daily for eight weeks. In the control group,
complete Fuchs’ adjuvant was injected instead of antigen
B, while physiological saline was administered in place of
antigen A, in equivalent amounts and at the same sites.
Upon completion of all the interventions, 1 ml of blood was
collected from the tail vein. Subsequently, all rats were eu-
thanized using intraperitoneal administration of pentobar-
bital sodium at a concentration of 150 mg/kg to collect the
heart valves.

2.4 Histology and Immunohistochemistry
The collected valve tissues were fixed in 4%

paraformaldehyde for 24 h, followed by embedding in
paraffin, sectioning into 4 µm thick slices, and mounting
onto slides. Hematoxylin and eosin (H&E) staining was
employed to evaluate inflammation, while Sirius red stain-
ing was used to assess valve fibrosis. Imaging of the H&E-
stained samples was conducted using a BX43 light micro-
scope (Olympus Corporation, Tokyo, Japan) at a magni-
fication of ×400, and images of the Sirius red staining
samples were captured using a BX43 confocal microscope
(Olympus Corporation, Tokyo, Japan) at the same magni-
fication. For immunohistochemical staining, the valve sec-
tions were incubated with CCL2 (1:200, ab25124, Abcam,
Cambridge, UK), collagen-1 (COL-1, 1:500, ab316222,
Abcam), CD68 (1:200, GB113109, Servicebio, Wuhan,
China), CCR2 (1:200, GB11326, Servicebio), iNOS (1:200,
GB11119, Servicebio), or CD206 (1:500, GB113497, Ser-
vicebio). Add the secondary antibody Goat Anti-Rabbit
IgG H&L (HRP) (1:500, ab97051, Abcam) and incubate
for 30 min.

2

https://www.imrpress.com


2.5 Reverse Transcription Quantitative Polymerase Chain
Reaction

Total RNA was extracted from both valve tissues
and cells using TRIzol® reagent (15596026CN, Thermo
Fisher Scientific, Inc., Waltham, MA, USA), following
the manufacturer’s guidelines. The cDNA first-strand syn-
thesis kit (YFXM0009, Nanjing Yifeixue Biotechnology
Co., Ltd., Nanjing, China) was then employed to reverse-
transcribe the total RNA into cDNA, according to the man-
ufacturer’s protocol. Subsequently, real time-quantitative
polymerase chain reaction (RT-qPCR) was performed using
2× SYBR Green qPCR Master Mix (YFXM0001, Nanjing
Yifeixue Biotechnology Co., Ltd., Nanjing, China). Using
the 2−∆∆Ct method, the results were normalized to the rel-
ative expression of each target gene, with glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) or β-actin as refer-
ence genes. Table 1 summarized the primer sequences used
in this study.

2.6 Protein Imprinting Analysis

Valve tissues or cells were lysed in RIPA buffer
(R0010, Beijing Solarbio Science & Technology Co., Ltd.,
Beijing, China), and individual samples (30 mg of protein)
were then prepared for electrophoresis on 7.5–15% sodium
dodecyl sulfate (SDS)/polyacrylamide gel electrophoresis
(PAGE) gels, followed by transfer to polyvinylidene flu-
oride (PVDF) membranes (ISEQ00005, EMD Millipore,
Darmstadt, Germany). The membranes were blocked with
5% skimmed milk in TBST (T1082, Beijing Solarbio Sci-
ence & Technology Co., Ltd, Beijing, China) for 1 h at
room temperature, washed three times, and subsequently
incubated at 4 °C overnight with the following specific
primary antibodies: anti-CCR2 (1:1000, ab223366, Ab-
cam, Cambridge, UK), anti-CCR2 (1:1000, 16153-1-AP,
Proteintech, Wuhan, China), anti-CCL2 (1:2000, ab25124,
Abcam), anti-α-smooth muscle actin (α-SMA) (1:10,000,
ab124964, Abcam), anti-COL1A1 (1:1000, ab316222, Ab-
cam), anti-COL3A1 (1:1000, ab184993, Abcam), anti-
CD86 (1:1000, CY5238, Abways, Beijing, China), anti-
GAPDH (1:10,000, ab181602, Abcam), and Tubulin
(1:5000, 11224-1-AP, Proteintech). After washing, the
membranes were incubated for 1 h with an HRP-coupled
secondary antibody (1:10,000, ab97051, Abcam). The final
bands were visualized using an ECL chemiluminescence
kit (P2200, Suzhou New Saimei Biotechnology Co., Ltd.,
Suzhou, China). Quantify the grayscale values of the bands
corresponding to the final target protein using Image J soft-
ware 1.53t (National Institutes of Health, Bethesda, MD,
USA).

2.7 Immunofluorescence Staining

Tissue samples were rapidly frozen in liquid nitro-
gen and processed using the indirect immunofluorescence
technique. Frozen sections were stained overnight at 4
°C in a humidified room with primary antibodies target-

ing anti-CD68 (1:2000, GB113109, Servicebio, Wuhan,
China), anti-CCR2 (1:200, GB11326, Servicebio), anti-
CCL2 (1:200, ab25124, Abcam, Cambridge, UK), anti-
CD45 (1:300, GB115428, Servicebio), anti-CD31 (1:2000,
ab182981, Abcam), and anti-s100a4 (1:2000, GB11397,
Servicebio). Following elution, the sections underwent
sequential reactions with fluorescent secondary antibodies
(1:1000, GB23303, Servicebio) for 50 min, shielded from
the light. After a final rinsing step, DAPI dye was briefly
applied briefly to the tissue sections, which were then dehy-
drated, sealed, and examined under light microscopy. For
cellular immunofluorescence, cells were initially cultured
in 48-well plates until the intervention concluded. Samples
were washed twice with PBS, fixed in 4% paraformalde-
hyde for 10 min, permeabilized with 0.1% PBST (PBS
containing 0.1% Triton X-100 [9002-93-1, Beijing Solar-
bio Science & Technology Co., Ltd., Beijing, China]), and
blocked with 1% bovine serum albumin (BSA, GC305006,
Servicebio). Subsequently, cells were treated with anti-
CCR2 and anti-CCL2 antibodies, incubated overnight at 4
°C, washed, and exposed to fluorescent secondary antibod-
ies in the dark for 30 min. After additional washing, 4′,6-
diamidino-2-phenylindole (DAPI) stain was applied for 10
min, followed by a final rinse and examination under an
optical microscope.

2.8 Cell Culture

Human monocytic leukemia cells were sourced from
Wuhan Punosai Life Science and Technology Co., Ltd. All
cell lines underwent validation by STR profiling and tested
negative for mycoplasma contamination. Cells were cul-
tured in a humidified incubator at 37 °C with 5% CO2. Ini-
tially, THP-1 cells were induced intoM0 adherent morphol-
ogy by treating them with 100 ng/mL phorbol 12-myristate
13-acetate (PMA, P8139, Sigma-Aldrich, Darmstadt, Ger-
many) for 48 hours. The cells were then divided into four
groups for different interventions: NC group, LPS group
(100 ng/mL), CCL2 group (100 ng/mL), and LPS+CCL2
group, with LPS (100 ng/mL) serving as the positive con-
trol. Finally, cell lysates analyzed using RT-qPCR and
Western blotting to assess the expression of CCR2 and
CCL2, supplemented by immunofluorescence.

2.9 Cell Transfection

The THP-1 cells were seeded at a density of 1 ×
106 cells per well in a six-well plate and treated with
PMA (Sigma) for 48 h to induce differentiation into M0
macrophages. To suppress CCR2 expression, three siR-
NAs provided by a commercial company (Hanbio Biotech-
nology Co.Ltd, Shanghai, China) were used following
their transfection instructions. Transfection efficiency
was confirmed initially (Supplementary Fig. 1), and
subsequently, one of the siRNAs was selected for fur-
ther experiments (5′-CAGGAAUCAUCUUUACUAATT-
3′; 5′-UUAGUAAAGAUGAUUCCUGTT-3′). The se-
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quence of si-NC is (5′-UCUCCGAACGUCACGUTT-3′;
5′-ACUGACACGUUCGGAGAATT-3′). Following treat-
ment with 100 ng/mL PMA for 48 h, siRNA was used
to silence CCR2 expression, and the cells were then ran-
domly divided into four groups: NC group, si-NC group,
si-NC+CCL2 group, and si-CCR2+CCL2 group for trans-
fection. After completing the transfection, cells were fur-
ther treated with CCL2 (100 ng/mL). Finally, subsequent
experiments were conducted.

Table 1. Sequences of primers used in RT-qPCR.
Gene (rat) (5′-3′)

Tnf-α
Forward GCGTGTTCATCCGTTCTCTAC
Reverse GTCTCGTGTGTTTCTGAGCAT

Il-6
Forward CCGGAGAGGAGACTTCACAGAGGA
Reverse AGCCTCCGACTTGTGAAGTGGTATA

Tgf-β
Forward GACCGCAACAACGCAATCTATGAC
Reverse CTGGCACTGCTTCCCGAATGTC

Ccl2
Forward CTCACCTGCTGCTACTCATTCACTG
Reverse CTTCTTTGGGACACCTGCTGCTG

Ccr2
Forward GCCACCACACCGTATGACTATGATG
Reverse AGCAGGAAGAGCAGGTCAGAGATG

Cd68
Forward CTCTTGCTGCCTCTCATCATTGG
Reverse GCTGGTAGGTTGATTGTCGTCTC

Col1a1
Forward TGTTGGTCCTGCTGGCAAGAATG
Reverse GTCACCTTGTTCGCCTGTCTCAC

Col3a1
Forward AGTCGGAGGAATGGGTGGCTATC
Reverse CAGGAGATCCAGGATGTCCAGAGG

β-actin
Forward GGAGATTACTGCCCTGGCTCCTA
Reverse GACTCATCGTACTCCTGCTTGCTG

Gene (humam) (5′-3′)

CCL2
Forward ACCAGCAGCAAGTGTCCCAAAG
Reverse TTTGCTTGTCCAGGTGGTCCATG

CCR2
Forward CCAACGAGAGCGGTGAAGAAGTC
Reverse CGAGTAGAGCGGAGGCAGGAG

CD86
Forward TGCTCATCTATACACGGTTACC
Reverse TGCATAACACCATCATACTCGA

TNF-α
Forward CCTCATCTACTCCCAGGTCCTCTTC
Reverse TCTGGTAGGAGACGGCGATGC

IL-6
Forward GCCTTCGGTCCAGTTGCCTTC
Reverse GTTCTGAAGAGGTGAGTGGCTGTC

GAPDH
Forward TGACATCAAGAAGGTGGTGAAGCAG
Reverse GTGTCGCTGTTGAAGTCAGAGGAG

RT-qPCR, real time-quantitative polymerase chain reaction; TNF-α,
tumor necrosis factor-α; IL-6, Interleukin 6; TGF-β, Transforming
growth factor-β; CCL2, C-C motif chemokine ligand 2; COL1A1,
collagen type I alpha 1; COL3A1, collagen type III alpha 1; CCR2, C-
C chemokine receptor type 2; GAPDH, Glyceraldehyde-3-phosphate
dehydrogenase.

2.10 Enzyme-Linked Immunosorbent Assay (ELISA)

The concentration of CCL2 in rat serum and levels of
Interleukin-12A (IL-12A), IL-6, and IL-1β in cell super-

natants were measured using enzyme-linked immunosor-
bent assay (ELISA) kits (GEH0009, GEH0001, GEH0002,
Servicebio, Wuhan, China). Each sample was tested in trip-
licate, and the absorbance of each well at 450 nm was mea-
sured using an enzyme reader (Thermo Fisher Scientific,
Inc., Waltham, MA, USA) following the manufacturer’s
protocol.

2.11 Statistical Analysis
The number of animals used in the in vivo experiments

was denoted as “n”. For the in vitro investigations, “n”
represented the number of experiments conducted. Statis-
tical analyses were performed using GraphPad Prism 9.5
(GraphPad Software, San Diego, CA, USA) and SPSS 27
(IBM-SPSS Statistics, Chicago, IL, USA). Data were ex-
pressed as mean ± SEM, and differences among three or
more groups were analyzed using ANOVA. Statistical sig-
nificance was set at p < 0.05.

3. Results
3.1 CCR2 and CCL2 Positive Cells Expressed on Valves of
RHD Patients

The co-expression of CD68, CCR2, and
COL1A revealed by immunofluorescence is shown in
(Supplementary Fig. 2A). CCL2 was also expressed
in leukocytes marked with CD45, endothelial cells
marked with CD31, and fibroblasts marked with s100a4
(Supplementary Fig. 2B). These findings provide ev-
idence for the presence of CCR2+ macrophages in the
valves of RHD patients, notably in close proximity to
fibrin. The expression of CCL2 on endothelial cells and
fibroblasts suggests a potential mechanism for recruiting
CCR2+ macrophages from the bloodstream to the valve
site.

3.2 CCR2 Antagonist Treatment of RHD Rats Ameliorates
Valve Inflammation and Fibrosis

Key observations included a notable increase in the
infiltration of inflammatory cells within RHD rat valves, as
evidenced byHE stains (Fig. 1A), and exacerbation of valve
fibrosis in the RHD group, observed in Sirius red polarized
light images (Fig. 1B). Remarkably, these adverse changes
were significantly mitigated following administration of
Rs-504393. Analysis via RT-qPCR (Fig. 2A) and western
blot (Fig. 2C) in RHD rats revealed heightened activation of
the CCL2/CCR2 axis, elevated levels of pro-inflammatory
and pro-fibrotic cytokines (TNF-α, IL-6, TGF-β, CCL2,
CCR2, CD68, COL1A1, and COL3A1), and increased ex-
pression offibrotic markers such as COL1A, COL3A, and
α-SMA. Treatment with Rs-504393 effectively attenuated
these alterations. These findings underscore the activation
of the CCL2/CCR2 axis in RHD pathology. Moreover,
CCR2 antagonists demonstrated therapeutic efficacy by ef-
fectively blocking the CCL2/CCR2 axis, thereby ameliorat-
ing inflammatory infiltration and valvular fibrosis in RHD
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Fig. 1. Pathological staining in each rat group. (A) Inflammatory changes in the valves of the NC group, RHD group, and RHD+Rs-
504393 treatment group were observed through HE staining, with images captured at the original magnification of ×400, scale bar =
50 µm, n = 6. (B) Upper Image: Sirius Red staining captured under polarized light displays the expression of type I collagen fibers
(COL1A, red or yellow light) and type III collagen fibers in the NC group, RHD group, and RHD+Rs-504393 treatment group, with
images captured at the original magnification of ×400, scale bar = 50 µm, n = 6. Lower Image: Statistical data of the COL3A/COL1A
ratio for each group, where a higher ratio indicates a greater degree of fibrosis. Data are presented as mean ± standard deviation. ***p
< 0.001. NC, negative control; RHD, rheumatic heart disease; HE, hematoxylin-eosin staining.

rats. Importantly, there were no statistically significant dif-
ferences in weight changes observed among the experimen-
tal groups.

3.3 The CCR2 Antagonist Rs-504393 Acts by Reducing
CCR2 Macrophage Infiltration

Protein blot analysis (Fig. 2C), ELISA (Fig. 2B), RT-
qPCR (Fig. 2A) and immunohistochemistry (Fig. 3) con-

ducted on the valves of RHD rats showed a significant
upregulation in CCL2 expression and a notable increase
in macrophage numbers compared to controls. Treatment
with Rs-504393 resulted in a marked reduction in the to-
tal count of CD68-labeled macrophages, specifically de-
creasing both CCR2+ and M1-type macrophages. Statis-
tical analysis of the immunohistochemistry showed a min-
imal change in the number of M2-labeled macrophages,

5

https://www.imrpress.com


Fig. 2. Changes in the expression levels of pro-inflammatory cytokines, fibrosis markers, and macrophage markers in valve
tissues after Rs-504393 treatment. (A) RT-qPCR was employed to detect mRNA levels of TNF-α, IL-6, TGF-β, CCL2, CCR2, CD68,
COL1A1, and COL3A1 in valve tissues. (B) CCL2 levels in rat serum were assessed using ELISA. (C) Upper panel: Western blotting
analysis of the expression levels of CCL2, CCR2, COL1A1, COL3A1, and α-SMA in valve tissues. Lower panel: Relative expression
levels in each group were analyzed using ImageJ. Data are presented as mean ± SD, n = 6. ns: Not Statistically Significant, *p <

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. RT-qPCR, Quantitative reverse transcription polymerase chain reaction; TNF-α,
tumor necrosis factor-α; IL-6, Interleukin 6; TGF-β, Transforming growth factor-β; CCL2, C-C motif chemokine ligand 2; CCR2, C-C
chemokine receptor type 2; COL1A1, collagen type I alpha 1; COL3A1, collagen type III alpha 1; α-SMA, α-smooth muscle actin;
ELISA, enzyme-linked immunosorbent assay.
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Fig. 3. Immunohistochemistry reveals infiltration of different macrophage subtypes in each group. Upper Panel: Immunohisto-
chemical expression of CCL2, CD68, CCR2, iNOS, and CD206 in the NC group, RHD group, and RHD+Rs-504393 treatment group.
Images were captured at the original magnification of ×400, scale bar = 50 µm. Lower Panel: Relative positive areas analyzed through
Image-pro plus 6.0 (Media Cybernetics, Rockville, MD, USA). Data are presented as mean ± standard deviation, n = 6. ns: Not Statis-
tically Significant, ***p < 0.001, ****p < 0.0001. iNOS, inducible nitric oxide sythase.
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potentially attributable to the acute nature of this experi-
mental model. These findings collectively suggest that Rs-
504393 treatment attenuates inflammation and fibrosis in
rheumatic rat valves by reducing the infiltration of CCR2+
macrophages.

3.4 CCL2 Recombinant Protein Intervention in THP-1
Cells Promotes their M1 Polarization

Various concentrations of CCL2 were applied to in-
tervene on M0 macrophages for 24h, and the optimal con-
centration that maximized CCR2 expression was deter-
mined to be 100 ng/mL based on the CCK8 assay (Fig. 4A)
and RT-qPCR experiment (Fig. 4B). RT-qPCR (Fig. 4C)
and flow cytometry (Fig. 4D) demonstrated elevated levels
of inflammatory factors (CCL2, IL-6, TNF-α, CCR2, and
CD86), along with increased expression of CCR2 and the
M1 macrophage marker CD86 in both the LPS and CCL2
groups compared to levels observed in the NC group. Fur-
thermore, CCL2 amplified the pro-inflammatory and M1
polarization effects induced by LPS. Immunofluorescence
analysis (Fig. 4E,F and Supplementary Fig. 3A,B) cor-
roborated these findings, showing consistent increases in
CCR2 and CCL2 expression. Specifically, fluorescence in-
tensity of both CCR2 and CCL2 was higher in the LPS and
CCL2 groups compared to the NC group. Moreover, fluo-
rescence intensity was further elevated in the LPS+CCL2
group compared to both the LPS alone and CCL2 alone
groups.

3.5 siRNA Knockdown of CCR2 in THP-1 Cells Inhibits
the Pro-M1 Polarizing Effect of CCL2 Recombinant
Protein

RT-qPCR analysis (Fig. 5A) showed that the mRNA
expression levels of signature indicators of M1-type
macrophages (including IL-6, TNF-α, and CD86) and
CCL2/CCR2 were increased in the si-NC+CCL2 group
compared to the si-NC group. Conversely, the mRNA ex-
pression levels of IL-6, TNF-α, CD86, and CCL2/CCR2
were significantly reduced in the si-CCR2+CCL2 group
compared to the si-NC+CCL2 group. Immunofluorescence
analysis (Fig. 5B,C and Supplementary Fig. 3C,D) fur-
ther confirmed that the fluorescence intensity of CCL2 and
CCR2 was lower in the si-CCR2+CCL2 group compared to
the si-NC+CCL2 group.

The ELISA results from cell supernatants showed ele-
vated levels of inflammatory factors such as IL-12A, IL-6,
and IL-1β in the supernatants of the si-NC+CCL2 group
compared to the si-NC group. Conversely, after silenc-
ing CCR2, the levels of these inflammatory factors de-
creased in the supernatants of the si-CCR2+CCL2 group
(Fig. 6A). This indicates that silencing CCR2 expression
in macrophages significantly inhibits the pro-inflammatory
effect of CCL2 protein on macrophages. Additionally, pro-
tein blotting experiments revealed increased expression lev-
els of CCL2, CCR2, and CD86 in macrophages of the si-

NC+CCL2 group compared to the si-NC group. Following
CCR2 silencing, the expression of these proteins was sig-
nificantly reduced in the si-CCR2+CCL2 group compared
to the si-NC+CCL2 group (Fig. 6B). These results demon-
strate that silencing CCR2 expression in macrophages not
only prevents macrophage polarization towardsM1 but also
reduces the expression of CCL2/CCR2 proteins.

4. Discussion
This study investigated macrophage recruitment and

polarization both in vivo and in vitro to assess the impact
of inhibiting the CCL2/CCR2 axis on the progression of
RHD. We observed an expanded macrophage population in
the valves of Lewis rats infected with GAS for 8 weeks,
characterized by a significant increase in the proportion of
the M1 phenotype and only a minimal change in the M2
phenotype. Elevated levels of the monocyte chemotactic
factors and their chemokine receptors were identified as pri-
mary contributors to the increased macrophage presence in
the valves. Additionally, we demonstrated a correlation be-
tweenmacrophage infiltration in the valves of RHD rats and
the development of fibrosis. Blocking the CCL2/CCR2 axis
with the CCR2-specific antagonist Rs-504393 resulted in a
substantial reduction in macrophage numbers in RHD rats
valves, along with a significant decrease in valve inflam-
mation and fibrosis. In vitro experiments simulating CCL2
action on macrophages revealed that the CCL2 protein pro-
motes polarization towards the pro-inflammatory M1 type.
However, this effect was attenuated when CCR2 was si-
lenced in macrophages using small interfering RNA. To-
gether, these findings suggest that macrophage recruitment
and polarization play a crucial role in RHD progression,
highlighting them as potential targets for treating valve fi-
brosis associated with RHD.

Effective tissue repair following injury is crucial for
the survival of all organisms [23]. After tissue damage,
various immune cells are recruited to the site to clear cel-
lular debris and infectious microorganisms, thereby coordi-
nating the tissue repair response. The extent and duration
of this repair response may vary, influencing the final out-
come. While enhancing the inflammatory response is ben-
eficial, it can also activate fibrotic reactions leading to ex-
cessive accumulation of collagenous connective tissue and
subsequent organ dysfunction [24]. There is evidence that
macrophages play a critical regulatory role at all stages of
repair and fibrosis [25]. In cardiac tissue, a significant pop-
ulation of resident macrophages exists, with increases dur-
ing injury due to infiltration of circulating monocytes [26].
Circulating monocytes also serve as a source of myofibrob-
lasts in the injured heart, contributing to cardiac repair [27].
Recent studies in mouse hearts following transverse aor-
tic constriction surgery have shown that macrophages de-
rived from recruited monocytes stimulate fibrosis. In con-
trast, resident macrophages inhibit cardiac fibrosis, their ex-
pression of CCR2 helps categorize them as either resident
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Fig. 4. Expression of cytokines and M1 phenotype after intervention with recombinant CCL2 (100 ng/mL) and LPS (100 ng/mL)
in THP-1 cells. (A) CCK8 assay assessing the impact on cell viability when THP-1 cells in the M0 state were intervened with different
concentrations of recombinant CCL2 for 24 hours, n = 4. (B) RT-qPCRmeasuring the expression levels of CCR2 in M0 state THP-1 cells
intervened with different concentrations of recombinant CCL2, n = 4. (C) RT-qPCR detecting the mRNA levels of CCL2, IL-6, TNF-α,
CCR2, and CD86 in THP-1 cells intervened with recombinant CCL2 (100 ng/mL), LPS (100 ng/mL), and CCL2+LPS, n = 4. (D) Flow
cytometry measuring the average fluorescence intensity of CD86 in each intervention group, n = 4. (E) Immunofluorescence showing
the fluorescence intensity of CCR2 (green light) in each intervention group, images were captured at the original magnification of×200,
scale bar = 200 µm, n = 3. (F) Immunofluorescence showing the fluorescence intensity of CCL2 (green light) in each intervention group,
images were captured at the original magnification of ×200, scale bar = 200 µm, n = 3. Data are presented as mean ± SD. ns: Not
Statistically Significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. LPS, lipopolysaccharide; MFI, mean fluorescence
intensity; CCK8, cell counting kit-8.
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Fig. 5. Expression of inflammatory cytokines andM1 phenotypemolecules after knockdown ofCCR2 in THP-1 cells using siRNA,
followed by intervention with CCL2. (A) RT-qPCR detecting the mRNA levels of CCL2, IL-6, TNF-α, CCR2, and CD86 in THP-1
cells with siRNA-CCR2 knockdown intervened with recombinant CCL2 (100 ng/mL), n = 4. (B) Immunofluorescence showing the
fluorescence intensity of CCR2 (green light) in each intervention group, images were captured at the original magnification of ×200,
scale bar = 200 µm, n = 3. (C) Immunofluorescence showing the fluorescence intensity of CCL2 (green light) in each intervention
group, images were captured at the original magnification of×400, scale bar = 200 µm, n = 3. Data are presented as mean± SD. ns: Not
Statistically Significant, *p< 0.05, **p< 0.01, ***p< 0.001. si-NC, small interfering-negative control; si-CCR2, small interfering-C-C
chemokine receptor type 2.
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Fig. 6. Silencing CCR2 in THP-1 cells followed by treatment with CCL2 was conducted to assess the levels of inflammatory
cytokines in the cell supernatants and the expression of CCL2, CCR2, and CD86 in THP-1 cells. (A) ELISA was used to measure
the levels of IL-12A, IL-6, and IL-1β in the cell supernatants of each group, n = 4. (B) Western blotting was performed to analyze the
protein expression levels of CCL2, CCR2, and CD86 in each group, n = 3. Data are presented as mean ± SD. ns: Not Statistically
Significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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(CCR2-) or circulating-derived (CCR2+) types [28]. Fur-
thermore, in Marfan’s syndrome (MFS), CCR2 deficiency
in monocytes inhibits macrophage recruitment. Studies in
mice have demonstrated that this protects against the pro-
gression of mucoid valve degeneration, resulting in mini-
mal leaflet thickening and preserved stromal integrity [29].
Numerous studies have reported that CCR2+ mesenchymal
macrophages play a role in promoting pulmonary fibrosis,
with an increase in CCR2-dependent monocytes and mes-
enchymal macrophages found in the lungs of patients with
this condition [30,31]. These mesenchymal macrophages
produce factors that induce fibroblast recruitment and col-
lagen production, highlighting their involvement in the pro-
fibrotic process [32]. Importantly, studies using CCR2-
deficient mouse models have shown significantly reduced
pulmonary fibrosis [33,34]. These findings are consistent
with our observations in RHD rats, where an increase in
CCR2 macrophages correlates with inflammation and fi-
brosis of the valves, both of which are significantly reduced
by inhibiting the aggregation of CCR2 macrophages. This
suggests an indispensable role for CCR2 macrophages in
tissue repair and fibrosis.

The migration of CCR2-expressing cells from the cir-
culation into specific tissues and organs during disease pro-
gression has been extensively studied across various con-
ditions. CCR2 binds to several chemokines, including
CCL2, CCL7, CCL8, CCL11, CCL13, CCL16, and CCL26
[35,36], with CCL2 recognized as its primary ligand [37].
The amino-terminal region of CCL2 plays a crucial role in
determining binding affinity and signaling selectivity for
CCR2 [38]. In our study of rats with RHD, we observed
a significant elevation of CCL2 levels in both tissue and
serum, potentially contributing to increased cell numbers in
the valves. Research on osteoarthritis has highlighted that
the CCL2/CCR2 axis, rather than CCL5/CCR5, mediates
monocyte recruitment, inflammation, and cartilage destruc-
tion [13]. In atherosclerosis, CCL2 facilitates the move-
ment of inflammatory monocytes between the bone mar-
row, circulation, and atherosclerotic plaques by binding to
CCR2 [35,39]. Studies across different tumors have simi-
larly emphasized the critical role of the CCL2/CCR2 axis in
orchestrating the migration of immune cells into the tumor
microenvironments [40]. CCL2 expression is widespread
across various cell types, including stromal cells, smooth
muscle cells, fibroblasts, leukocytes, endothelial cells, and
tumor cells [41–43]. Our experiments identified CCL2 ex-
pression in leukocytes, endothelial cells, and fibroblasts
within the valves of RHD patients. These findings under-
score the potential of targeting the CCL2/CCR2 axis as a
therapeutic strategy in numerous diseases.

The prevalence of RHD remains high in some popu-
lations in both developing and developed countries, with
global estimates indicating that 40.5 million people cur-
rently suffer from RHD and 306,000 people die from the
disease each year [3]. Despite this high prevalence and

mortality rate, the pathogenesis of the disease remains
poorly understood. Previous studies have focused on the
pathogenicity of GSA, the role of various cytokines, the
function of T lymphocytes during valve injury, and the in-
volvement of macrophages in RHD, including their infil-
tration pathways into the valve [7,44,45]. Our findings may
therefore shed light on these aspects and lay the groundwork
for further investigations into the pathogenesis of RHD, po-
tentially confirming the CCL2/CCR2 axis as a therapeutic
target to mitigate macrophage recruitment in heart valves.

We are also concerned about the the investigation of
targeted therapeutic agents against the CCL2/CCR2 sig-
naling axis in various autoimmune diseases. A random-
ized controlled trial showed that treatment of rheumatoid
arthritis with a human anti-CCL2 monoclonal antibody
(ABN912) did not result in clinical or immunohistologi-
cal improvement, possibly due to a significant increase in
serum total CCL2/Monocyte Chemotactic Protein 1 (MCP-
1) levels observed after ABN912 treatment [46]. In an-
other study, patients with rheumatoid arthritis treated with
an anti-CCR2 antibody (MLN1202) in a phase IIa clinical
trial did not show significant clinical improvement com-
pared to placebo [47]. Rs-504393, a selective CCR2 an-
tagonist inhibiting ERK1/2 activation, has shown promise
in early-stage osteoarthritis by reducing pain [48]. Addi-
tionally, the humanized anti-CCR2 monoclonal antibody
MLN1202 has been effective in reducing brain lesions in
patients with multiple sclerosis [49]. The potential thera-
peutic role of these drugs targeting the CCL2/CCR2 axis
in treating RHD requires validation through further animal
and clinical trials. We regret that we were unable to col-
lect valvular tissue samples fromRHD patients and controls
for validation, and that we could not utilize a CCL2/CCR2
knockout animal model for further validation. Future stud-
ies could enhance this research by incorporating larger pop-
ulation samples and employing knockout animal models.

5. Conclusions
In conclusion, this study demonstrated that pharmaco-

logical blockade of the CCR2 signaling pathway with Rs-
504393 significantly reduced the severity of valve inflam-
mation and fibrosis in rats with RHD. This effect was at-
tributed to mechanisms involving reduced macrophage ac-
cumulation in the valves.
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