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Abstract
Background  Fibrosis of the infrapatellar fat pad (IFP) is a feature of osteoarthritis and contributes substantially 
to the pain and dysfunction in patients’ joints. However, the underlying mechanisms remain unclear. C-C motif 
chemokine ligand-2 (CCL2) plays a central role in tissue fibrosis. Thus, we aimed to investigate the role of CCL2 in the 
development of IFP fibrosis in a rat model of arthritis, hypothesizing that a CCL2 antagonist could mitigate fibrotic 
progression.

Methods  We induced arthritis in male Wistar rats using intra-articular injections of carrageenan. Furthermore, to 
evaluate the effects of a CCL2 antagonist on protein expression and collagen deposition in the IFP of the rats, we 
transferred an N-terminal-truncated CCL2 gene into a rat model via electroporation-mediated intramuscular injection. 
Macrophage infiltration and collagen deposition in the IFP were analyzed in vivo. Groups were compared using the 
Mann–Whitney U test and Student’s t-test.

Results  We identified infiltrating macrophages as well as increases in CCL2 and TGF-β levels as collagen deposition 
progressed. Gene transfer of the CCL2-antagonist before arthritis induction attenuated collagen deposition 
remarkably.

Conclusions  We provide initial evidence that anti-CCL2 gene therapy can effectively suppress the development of 
IFP fibrosis in a rat model. Thus, targeting CCL2 holds promise as a therapeutic strategy for managing tissue fibrosis in 
osteoarthritis patients.
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Background
Fibrosis of the infrapatellar fat pad (IFP) significantly 
contributes to chronic pain and decreased knee mobil-
ity, particularly in patients recovering from knee surgery 
or those suffering from knee osteoarthritis (KOA) [1, 
2]. It is marked by an excessive deposition of extracel-
lular matrix components, which can lead to joint stiff-
ness and impaired mobility. This pathological process 
is often accompanied by an infiltration of immune cells, 
particularly macrophages, which are pivotal in mediating 
inflammatory responses [3–6]. Macrophages play a sig-
nificant role in tissue fibrosis [7]. Macrophages not only 
produce several pro-inflammatory cytokines and growth 
factors but also secrete chemokines such as CCL2 (C-C 
motif chemokine ligand 2) / Monocyte Chemoattrac-
tant Protein-1(MCP-1), which further recruit additional 
immune cells, thereby exacerbating the inflammatory 
and fibrotic responses. The chemokine CCL2 is a critical 
mediator of monocyte and macrophage chemotaxis and 
activation. Elevated levels of CCL2 have been implicated 
in various inflammatory conditions, including OA [8, 9]. 
Previous studies have demonstrated that CCL2 is upreg-
ulated in the synovial membrane and infrapatellar fat 
pads in OA [10]. There is also evidence implicating CCL2 
in fibrotic changes of the synovial membrane [11]. This 
study aimed to investigate the involvement of CCL2 in 
the pathogenesis of IFP fibrosisin vivo. A rodent model of 
arthritis induced by intraarticular carrageenan injections 
was utilized to assess macrophage infiltration and CCL2 
expression during the transition from acute synovial 
injury to extracellular matrix formation. Furthermore, 
we confirmed the functional role of CCL2 in the devel-
opment of IFP fibrosis using anti-CCL2 gene therapy. We 
administered the 7ND gene, which lacks the N-terminal 
amino acids of human CCL2 and results in a loss of CCL2 
function [12], to a rodent model using in vivo electro-
poration. We hypothesized that the administration of a 
CCL2 antagonist could alleviate the development of IFP 
fibrosis induced in a rat arthritis model.

Methods
Animal studies
This study was conducted following a protocol approved 
by the Animal Care and Use Committee of Tokyo Medi-
cal and Dental University. A total of 123 8-week-old male 
Wistar rats were purchased from Charles River (Tokyo, 
Japan). To minimize size and genetic variation between 
subjects, only male rats were used. The animals were 
housed under standard conditions with a 12-hour light/
dark cycle and a constant temperature of 23  °C, with 
unrestricted access to food and water. They were accli-
matized to the laboratory environment for 1 week prior 
to the experiments. All rats were randomly allocated to 
each experimental group. All procedures were performed 

under general anesthesia by inhalation of 2% isoflurane 
administered via a nasal cone, and every effort was made 
to minimize suffering. Rats were humanely euthanized 
by carbon dioxide inhalation and limbs were harvested 
for tissue collection. All procedures complied with the 
Animal Welfare Act and the Guide for the Care and Use 
of Laboratory Animals (National Institutes of Health, 
Bethesda, MD, USA) and were performed in accordance 
with ARRIVE guidelines.

Induction of IFP fibrosis
Male Wistar rats received intra-articular injections of 
100 µL of normal saline into the right knee and 2% car-
rageenan (Sigma-Aldrich, St. Louis, MO, USA) into the 
left knee, as described previously [13]. The day of car-
rageenan injection was designated as day 0 for all time 
points. A minimum of five rats were used for each time 
point or manipulation.

Tissue collection and preparation
Rats were euthanized at 4, 7, 14, and 28 days after the 
intraarticular injection of carrageenan, and both knees 
were immediately harvested. The whole knee joints were 
fixed in 4% paraformaldehyde, decalcified in a solu-
tion of 10% formalin and 10% EDTA, dehydrated in a 
graded ethanol series, embedded in paraffin, sectioned 
at 5 μm, and stained with hematoxylin and eosin (HE) as 
described previously [14–16]. Infrapatellar fat pad sec-
tions were examined for synovial hypercellularity, inter-
stitial infiltration of mononuclear cells, and fibrosis. The 
severity of synovial inflammation from a section stained 
with HE was semiquantitatively evaluated using the syno-
vial membrane inflammation score, which was scored on 
a 1– 4 scale, based on the osteoarthritis research society 
international histopathology recommendations for the 
rat [17].

Immunohistochemistry
Anti-ED-1 antibodies (1:100 dilution), which specifi-
cally targets the CD68 antigen present on the surface of 
rat macrophages, were purchased from Serotec (Oxford, 
UK). Sections of the knee joint were incubated with 
biotin-labeled anti-rat ED-1, and protein expression 
was detected using the avidin-biotin-peroxidase com-
plex (Dako, Carpinteria, CA, USA) as described previ-
ously [14, 15]. The number of ED1-positive cells was 
counted in 20 randomly chosen high-power fields (×200) 
in each section, and the average cell number/mm2 was 
calculated.

Masson’s trichrome staining
The deposition of collagen proteins in IFP was assessed 
using Masson’s trichrome staining. Staining was per-
formed using a Masson’s Trichrome Staining Kit (Muto 
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Pure Chemicals, Tokyo, Japan) according to the manufac-
turer’s protocol.

Preparation of IPF tissue homogenates
Each rat underwent a joint incision above the patella to 
harvest the IFP tissue. The homogenates were prepared 
by mechanical homogenization after adding fresh tis-
sue to 1 mL of T-PER tissue protein extraction reagent 
(Pierce, Rockford, IL, USA) containing 10 µL of Prote-
ase Inhibitor Cocktail (Sigma-Aldrich). Samples were 
incubated at 4 °C for 1 h and subsequently centrifuged at 
10,000 × g for 5 min. The supernatant was removed, and 
the total protein concentrations were determined using 
the QuantiPro BCA Assay Kit (Sigma-Aldrich). The ali-
quots were frozen at − 80 °C until use.

Cytokine enzyme-linked immunosorbent assay (ELISA) for 
tissue homogenates
Cytokine levels in the IFP tissue homogenates were 
determined using commercially available ELISA kits 
specific for rat CCL2/MCP-1 (BioSource, Carlsbad, CA, 
USA) and TGF-β1 (R&D Systems, Minneapolis, MN, 
USA), following the manufacturer’s instructions.

In vivo collagen assay
The in vivo collagen assay was performed using the Sir-
col collagen assay method (Biocolor Ltd., Carrickfergus, 
UK). IFP specimens were harvested and homogenized. 
Then, 1000 µL of Sircol dye reagent was added to 100 µL 
of a test sample and incubated at 25 °C for 30 min. After 
centrifugation, the supernatants were discarded, and 
0.5 N NaOH was added to the collagen-bound dye pellet 
to release the dye into the solution. The optical density 
of each sample was measured using a microplate reader 
(InfiniteF50-R; Tecan, Mannedorf, Switzerland).

Preparation of the 7ND gene and plasmid vectors
An N-terminal deletion mutant of human CCL2, termed 
7ND, which blocks the CCL2 signaling pathway [12], was 
utilized. The pCAGGS-7ND plasmid was constructed 
by inserting human 7ND cDNA into a unique EcoRI 
site in the pCAGGS expression vector [18]. An empty 
pCAGGS plasmid served as a control. Plasmids were 
grown in Escherichia coli XL-1 blue strain cells (Takara 
Bio Inc., Shiga, Japan) and isolated using a Mega kit (Qia-
gen, Tokyo, Japan). Plasmid quantity and quality were 
evaluated by measuring optical density values at 260 and 
280 nm. Prior to injection, the DNA was diluted to a con-
centration of 2.0 µg/µL in phosphate-buffered saline.

Intramuscular DNA injection and electroporation
Muscle-targeted gene transfer through in vivo electro-
poration was performed as described previously [19–21]. 
The plasmid encoding 7ND or the empty vector was 

delivered into the hind limb muscles of rats 7 days before 
the induction of arthritis using an in vivo electropora-
tion method with a CUY 21 pulse generator (NepaGene, 
Chiba, Japan). Briefly, 400 µg of the plasmid vector was 
injected into the bilateral quadriceps muscles of the rats 
using a 27-gauge needle. To enhance transgene expres-
sion, immediately after the femoral muscle injections, 
electroporation was performed by inserting electrode 
needles (Tokiwa Science Ltd., Fukuoka, Japan) into the 
muscle within 5  mm of the injection site by delivering 
electric pulses. Three pulses of 200  V each were deliv-
ered to the injection site at a rate of 1 pulse/s, followed by 
three pulses of opposite polarity.

Measurement of serum 7ND levels in treated animals
To evaluate the amount of 7ND released from the trans-
fected skeletal muscle, serum 7ND concentrations were 
measured using a human CCL2/MCP-1 ELISA kit (Bio-
Source International Inc., Camarillo, CA, USA). As this 
human CCL2 ELISA kit does not cross-react with rat 
CCL2, it is suitable for measuring serum 7ND concentra-
tions [21]. Serum samples were collected 4, 7, and 14 days 
after the introduction of the 7ND gene to determine 7ND 
levels in the treated rats. Equal amounts of serum from 
each animal were analyzed, following the manufacturer’s 
instructions. The cross-reactivity with rat CCL2 was less 
than 5% (data not shown).

Statistical analysis
All statistical analyses were performed using SPSS ver-
sion 25.0 (IBM Corp., Armonk, N.Y., USA). Data are pre-
sented as mean value ± standard deviation. Differences 
between experimental groups were analyzed using the 
Mann–Whitney U test and Student’s t-test. A P-value of 
less than 0.05 was considered statistically significant.

Results
Histological and biochemical analysis of the fibrosis of the 
infrapatellar fat pad (IFP)
To assess the suitability of a rodent arthritis model for 
IFP fibrosis, we injected 100 µL of normal saline or 2% 
carrageenan into the knee joints of male Wistar rats. His-
tological analysis revealed that inflammatory cell infiltra-
tion was observed in the superficial layer of IFP on day 
4. This infiltration gradually extended into the stroma by 
day 14 and was maintained until day 28. We detected the 
pleiomorphic infiltration of inflammatory cells and pro-
liferation of interstitial cells in the affected joints during 
arthritis progression. (Fig.  1, representative images of 
each time point are shown.) The number of ED-1-posi-
tive cells, representing infiltrating macrophages, peaked 
on day 7 after arthritis induction and remained elevated 
for 4 weeks (Fig.  2A, B). Then, we explored the profiles 
of cytokines involved in the IFP fibrosis pathology. To 
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investigate the role of CCL2 and TGF-β in the rat model, 
we examined the expression of these molecules in the 
established fibrotic IFP. ELISA results showed increased 
production of CCL2 several days after arthritis induction, 
which persisted for over 4 weeks (Fig. 3A). Additionally, 
TGF-β expression levels were significantly higher at each 
time point in the carrageenan-induced arthritic tissues 
than in non-arthritic tissues (Fig. 3B).

Collagen deposition in the IFP
Masson’s trichrome staining revealed a wide distribu-
tion of collagen fibers along the synovial lining in rats 
with carrageenan-induced arthritis. Interstitial collagen 
deposition increased gradually until day 14 after arthri-
tis induction and continued progressing until day 28 
(Fig. 4a). In IFP tissues, there was a significant increase in 
collagen deposition in the carrageenan-induced arthritic 
tissue on day 28 (Fig. 4b).

Fig. 2  Time course of macrophage infiltration in IFP. A) Immunohistochemical analysis of ED1-positive macrophages. Representative images of sagittal 
sections of IFP are shown. a) Analysis of ED1-positive cells in the IFP. The density of macrophages is highest 7 days after the onset of arthritis and remains 
elevated for 4 weeks. * indicates that the value was significantly different (P < 0.05) from the control

 

Fig. 1  Time course of carrageenan-induced arthritis. A) Representative images of sagittal sections of IFP stained with HE. B) Semiquantitative evaluation 
of IFP inflammation. Each dot indicated the mean value at each time point. Data were also indicated as mean and SD value
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Efficacy of gene transfer; 7ND expression in the sera
To establish the role of CCL2 in the development of IFP 
fibrosis, we administered the 7ND gene, an antagonist of 
CCL2, into a rat model via electroporation. To confirm 
the transfer efficacy, we performed preliminary experi-
ments to measure plasma 7ND concentrations in rats 
(n = 7 per group) after electroporation using a human 
CCL2/MCP-1 ELISA kit. A considerable amount of 7ND 
protein was detected in the serum during the first week 
following transfection, and serum 7ND levels remained 

detectable throughout the 2-week follow-up. In contrast, 
rats injected with the empty vector control showed no 
detectable 7ND protein in the serum 7 days after induc-
tion (Fig. 5).

Effects of 7ND on macrophage infiltration and CCL2 
expression
Rats were injected with either 7ND or an empty plas-
mid before the induction of arthritis to determine the 
effects of 7ND gene transfer on macrophage recruitment. 

Fig. 4  Collagen distribution in the synovial tissue area of the IFP fibrosis rat model. (a) As determined by Masson’s trichrome staining, the carrageenan-
induced arthritis shows a wide deposition of collagen fibers along the IFP and synovial membrane on day 28. Representative joint sections from five rats 
are shown (Original magnification ×200). (b) Quantitative analysis of collagen deposition in carrageenan-induced arthritis. Collagen in IFP was measured 
using a collagen detection kit. A significant increase in collagen deposition in carrageenan-induced arthritis is seen on day 28. Values are presented as the 
mean and standard deviation of experiments involving 10 rats per group. *P < 0.05 versus control

 

Fig. 3  Enzyme-linked immunosorbent assay (ELISA) of knee joints in carrageenan-treated rats. a) ELISA of CCL2 protein levels from synovial tissue ho-
mogenates. CCL2 production peaks on day 14 and remains high on day 28. b) TGF-β protein levels in synovial tissues measured by ELISA are significantly 
higher in carrageenan-induced arthritis at each time point compared with levels in non-arthritic tissues. There were 10 rats per group at each time point 
in all experiments. Values are presented as the mean and standard deviation (n = 10). *P < 0.05 versus control
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Immunohistochemical analysis revealed significantly 
lower ED-1-positive macrophage infiltration in the 
group treated with 7ND than in the group treated with 
the empty plasmid on day 28 (Fig. 6A). The rats that were 
administered 7ND showed significantly lower levels of 
synovial inflammation, synovial lining hyperplasia, and 
cellular infiltration than those in the control group in a 
histological analysis on day 28 (Fig. 6B). The 7ND-treated 
rats also exhibited markedly attenuated endogenous 
CCL2 expression compared with that in the empty plas-
mid-treated rats on day 28 (Fig. 6C).

Effects of 7ND on carrageenan-induced collagen 
production
We assessed the preventive effects of CCL2 inhibition on 
the progression of IFP fibrosis. Collagen deposition lev-
els following in vivo electroporation with pCAGGS-7ND 
were significantly lower than those in rats treated with 
the empty vector (Fig. 7A, B). These results indicated that 
delivery of the 7ND gene before IFP fibrosis development 
significantly attenuated collagen deposition in the rat 
model.

Discussion
In this study, we utilized a carrageenan induced arthri-
tis model to analyze macrophage infiltration and CCL2 
expression during the progression of collagen deposition. 

Our findings demonstrate that anti-CCL2 gene therapy 
using pCAGGS-7ND significantly attenuates collagen 
deposition in the IFP of rat model.

The IFP is an interstitial adipose tissue with criti-
cal functions for joint motion and serves as a potential 
source of nociceptive innervation. Addressing fibrotic 
changes in the IFP is critical due to its role in pain gener-
ation in knee osteoarthritis (KOA) [2, 10]. Our previous 
studies have shown that fibrosis in the IFP contributes to 
the pathogenesis of KOA by inducing macrophage infil-
tration, new vessel formation, and sensory nerve fiber 
endings, leading to prolonged pain [15, 16]. Inflamma-
tion-induced pathological fibrosis is widely observed in 
various diseases and is driven by macrophage activation 
[7]. These cells play an important role in tissue repair and 
induce the production and accumulation of extracellular 
matrix through the recruitment of inflammatory cells. 
Thus, macrophages may play a central role in the inflam-
matory and fibrotic processes that occur in IFP.

CCL2/MCP-1 serves as a potent chemoattractant for 
macrophages [22]. The production of CCL2 appears to 
be variable and dependent on the cell type [8]. Upregu-
lated CCL2 production has been observed in various 
fibrotic diseases, including liver disease [23], renal dis-
eases [24], and systemic sclerosis skin lesions [25]. These 
data suggest that CCL2 contributes to the initiation of 
inflammatory infiltration in fibrotic diseases by recruit-
ing macrophages and potentially enhancing collagen 
production via the upregulation of profibrotic mediators 
(e.g., endogenous TGF-β). In this study, we demonstrated 
the relationship between IFP fibrosis, macrophage infil-
tration, and CCL2 expression using rat arthritis model. 
These results indicated that macrophages play a central 
role in the pathology of infrapatellar fat pad fibrosis. 
They are key mediators of inflammation and contribute 
to fibrosis by secreting pro-inflammatory and profibrotic 
cytokines such as TGF-β.

The CCL2/CCR2 axis is the most widely reported 
mechanism underlying circulating monocyte recruitment 
in OA [9, 26]. CCL2 levels are significantly increased in 
the infrapatellar fat pad, the synovium [10, 11] and serum 
of patients with OA [27]. Furthermore, Raghu et al. dem-
onstrated that monocytes recruited via the CCL2/CCR2 
pathway promote synovitis in OA [28]. Zarebska et al. 
reported that the CCL2/CCR2 axis plays an important 
role in the development of pain in murine OA [29]. Thus, 
therapeutic targeting of CCL2 signaling may help slow or 
prevent tissue damage in patients with OA.

NH2-terminal truncated or modified CCL2 analogs 
have been shown to function as receptor antagonists. 
Previous studies have demonstrated the inhibitory effects 
of 7ND in animal models of atherosclerosis [30] and 
renal fibrosis [21] in vivo. Recent studies have also high-
lighted the effects of 7ND in musculoskeletal diseases. It 

Fig. 5  Serum concentrations of 7ND after injection of the plasmid vector. 
Rats were treated with pCAGGS-7ND or an empty vector (n = 7 in each 
group). Equal amounts of serum were obtained from pCAGGS-7ND-treat-
ed animals at the indicated times, followed by measurement of the 7ND 
concentration using an ELISA. A significant amount of 7ND is detected 
in the serum from pCAGGS-7ND-treated animals within the second week 
after injection. Human CCL2 protein is not detected in empty vector-treat-
ed rats. The mean values from seven rats in each experiment are shown. 
ND = not detected
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has been suggested that CCL2 is a viable clinical target 
for blocking osteoclast differentiation, as 7ND prevents 
human osteoclast differentiation [31]. Furthermore, 7ND 
treatment significantly reduced wear particle-induced 
osteolysis and the number of recruited inflammatory 
cells and osteoclasts [32]. In the present study, we dem-
onstrated that 7ND gene delivery effectively inhibited 
the histopathological manifestations of IFP fibrosis. The 
number of infiltrating macrophages in synovial tissues 
was significantly reduced in the 7ND-treated group. 
Moreover, 7ND-treated rats exhibited a significant 
reduction in endogenous CCL2 levels, likely produced by 
infiltrating macrophages, thereby resulting in an amplifi-
cation loop. Therefore, inhibiting macrophage migration 
by blocking CCL2 reduces the number of inflammatory 
cells and the production of additional chemokines in the 

IFP. CCL2 inhibition appears to be the primary factor in 
attenuating IFP fibrosis. However, the exact mechanisms 
underlying the antagonistic effects of 7ND in vivo remain 
unclear. Further studies are necessary to elucidate the 
exact mechanisms underlying the effects of 7ND.

This is the first in vivo study targeting CCL2 in IFP 
fibrosis using a rat arthritis model. However, there are 
some limitations to consider. First, the small sample 
size may affect the generalizability of the results. Also, 
positive and negative control groups were not included 
to minimize the number of animals used. Second, we 
focused solely on IFP fibrosis without examining changes 
in cartilage, ligaments, capsules, or extra-articular tis-
sues. Our aim was to specifically induce IFP-related 
inflammation while excluding other factors contributing 
to OA pathology such as cartilage degradation, meniscal 

Fig. 6  Amelioration of morphologic lesions and quantitative analysis of CCL2 in 7ND-treated animals. a) Rats were treated with 7ND or an empty vector 7 
days prior to the intraarticular injection of carrageenan and sacrificed on day 28. Representative images on day28 from 7ND- or empty vector-treated rats 
are shown. b) The graph shows the density of ED-1-positive macrophages in the IFP and synovial tissues. c) Cellularity score of IFP from 7ND- or empty 
vector-treated rats on day28. d) ELISA of CCL2 protein levels from IFP in 7ND- or empty vector-treated rats. There were 15 rats per group in each experi-
ment, and the values are presented as the mean and standard deviation. *P < 0.05 vs. control
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damage, or joint instability. Carrageenan is commonly 
used to study osteoarthritis (OA) and other inflammatory 
conditions [33], but it does not lead to cartilage destruc-
tion [13]. Thus, we considered this model to be appropri-
ate for this study. However, future studies should employ 
other experimental models, such as the monosodium 
iodoacetate (MIA)-induced or surgical OA models, to 
further investigate these aspects. Additionally, this study 
did not assess the impact of CCL2 on joint function or 
pain, Future research should include assessments of joint 
range of motion, swelling, and pain behavioral tests to 
comprehensively evaluate these effects. Third, no fatal 
complications were observed in the present study, but 
a comprehensive systemic examination for toxicity and 
safety was not conducted. While 7ND gene transfer has 
shown promise in various studies [12, 21, 30, 34], poten-
tial toxicity and adverse effects of systemic CCL2 sup-
pression remain unclear. Further investigation is needed 
for clinical application in humans. Lastly, although we 

focused on CCL2, other mediators should be considered 
to fully understand the complex mechanisms involved. 
Future research should explore additional pathways to 
better understand intra-articular fibrosis development.

Conclusions
Our study demonstrates the efficacy of anti-CCL2 gene 
therapy, specifically using the 7ND gene, in attenuating 
IFP fibrosis in a rat model. By inhibiting macrophage 
migration and reducing endogenous CCL2 levels, 7ND 
gene delivery significantly mitigated histopathological 
manifestations associated with IFP fibrosis. However, 
further research is needed to elucidate the exact mecha-
nisms underlying the antagonistic effects of 7ND and 
evaluate its safety and efficacy for clinical application in 
humans.
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