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Abstract

This study aimed to explore changes in nanoscale elastic modulus of the synovium using atomic force microscopy (AFM) in
addition to investigate changes in synovial histomorphology and secretory function in osteoarthritis (OA) in a rat anterior cruciate
ligament transection (ACLT) model. Sprague-Dawley rats were randomly assigned to sham control and ACLT OA groups. All
right knee joints were harvested at 4, 8, or 12 weeks (W) after surgery for histological assessment of cartilage damage and
synovitis in both the anterior and posterior capsules. AFM imaging and nanoscale biomechanical testing were conducted to
measure the elastic modulus of the synovial collagen fibrils. Immunohistochemistry was used to visualize the expression of
interleukin-1b (IL-1b), tumor necrosis factor-a (TNF-a), and matrix metalloproteinase-3 (MMP-3) in the synovium. The OA
groups exhibited progressive development of disease in the cartilage and synovium. Histopathological scores of the synovium
in the OA groups increased gradually. Significant differences were observed between all OA groups except for the posterior 4W
group. The synovial fibril arrangement in all OA groups was significantly disordered. The synovial fibrils in all ACLT OA groups at
each time point were stiffer than those in the sham controls. OA rats displayed a significantly higher expression of IL-1b and
MMP3 in the anterior capsule. In summary, synovial stiffening was closely associated with joint degeneration and might be a
factor contributing to synovitis and increased production of proinflammatory mediators. Our data provided insights into the role
of synovitis, particularly stiffening of the synovium, in OA pathogenesis.
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Introduction

Osteoarthritis (OA) is the most common joint disease
worldwide and a leading cause of pain and disability (1).
Athletic injuries, especially anterior cruciate ligament rup-
ture, can eventually lead to posttraumatic OA. Tradition-
ally, this common arthritic disease has been characterized
by marked changes in the structure and function of the artic-
ular cartilage. However, the precise etiology and pathogene-
sis of OA remains unclear with no drugs able to modulate
the disease or therapies that can prevent or cure OA (2).

In contrast to earlier viewpoints, joint failure in OA is
now perceived as being the result of a complex interactive
pathological process in multiple articular tissues including
the cartilage, synovium, meniscus, muscle, and cortical and
subchondral bone (3). It is still debated as to which tissue

structures undergo change initially as OA progresses.
Increasing evidence from both experimental and clinical
studies suggests that inflammation, especially synovitis,
plays an important role in the pathologic process of OA (4).
Many researchers have focused on the possibility of syno-
vitis being the driving force behind the development of OA
(5). In addition, histological changes of the synovium are
often accompanied by increased vascularity, inflammatory
molecule expression, and immune cell infiltration (6).

It has been reported that the mechanical cross-talk
between cells and the extracellular matrix (ECM) controls the
properties, function, and health of tissues (7). Synovial
tissues in OA are no exception. There is active biomecha-
nical interaction between cells and their microenvironment;
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the mechanical properties of the extracellular matrix
(ECM), such as stiffness, and other mechanical param-
eters are able to regulate a variety of cellular processes,
including cell morphology, proliferative and secretory poten-
tial, and propensity to migrate (8,9). A primary characteristic
of OA is inflammation of the synovial membrane, suggest-
ing possible changes in the local biomechanical environ-
ment as a consequence of either joint abnormality or
synovial cell adaptation. The biomechanical properties of
the synovium remain unexplored, particularly at the nano-
scale. As changes in the articular cartilage in OA can be
clearly detected at the nanoscale well before the appear-
ance of differences in microscopic morphology (10), such
variation in the biomechanical properties of synovial ECM
at the nanoscale may also be an important indicator of
synovitis, providing an explanation as to the onset of OA.
Atomic force microscopy (AFM) provides a new method
of both imaging the tissue structure and measuring its
biomechanical properties at high resolution (11,12).

By considering the possible alterations in synovial bio-
mechanical properties and their association with cartilage
damage and synovial morphology and function, this study,
for the first time, aimed to experimentally quantify the
nanoscale elastic modulus of the synovial membrane in
osteoarthritis using a rat anterior cruciate ligament tran-
section (ACLT) model by AFM. We hypothesized that the
biomechanical properties of the synovial membrane at the
nanoscale undergo a change in the ACLT OA model,
possibly closely related to the advancement of synovitis
and degradation of cartilage, the latter directly affecting
OA pathology.

Material and Methods

Animals
Seventy-two 12-week-old male adult Sprague Dawley

(SD) rats (weighing 256±15 g) (JOINN Laboratories Inc.
China) were used in this study. All animal experiments
were approved by the Institutional Animal Care and Use
Committee of Soochow University (China). All animals
were housed in groups with a 12-h light/dark cycle and
free access to tap water. Rats also had unrestricted access
to standard laboratory animal chow, containing 1.15%
calcium and 0.88% phosphorus.

ACLT model and experimental design
The 72 animals were divided randomly into OA model

and sham surgery groups, 36 animals in each. The animals
in the experimental group and the control group were then
equally divided into three groups according to different time
spans (4, 8, and 12 weeks), with 12 animals for each time
point. OA was induced in the right knee joint by ACLT as
previously described (13). Rats were anesthetized by inha-
lation of 2% fluothane in oxygen/nitrous oxide. A medial
parapatellar skin incision was created after shaving the leg
to provide access to the arthritic space, then the patella

was dislocated laterally. The anterior cruciate ligament was
completely transected, as confirmed by a positive anterior
drawer test. In the sham surgery group, the knee joint
was merely opened, the right patella relocated, and the
incision sutured. Rats were sacrificed 4, 8, or 12 weeks
after surgery.

Tissue preparation
The animals were euthanized by an excess of iso-

flurane (RWD Life Science Co., China) at 4, 8, or 12 weeks
after the OA model had been established. Then, the entire
knee joint of the right leg was surgically removed from
each rat. Six joints from each group at every time point
were fixed for 48 h in 4% paraformaldehyde at 4°C and
then decalcified in 10% EDTA in 0.01M PBS for 1 month
at 4°C. The decalcified specimens were embedded in
paraffin. In general, knee OA occurs more commonly in
the medial joint than in the lateral compartment (14). For
histological analysis, 5-mm serial sections were prepared
from the medial midcondylar region in the sagittal plain.
The histological slices were stained using both routine
hematoxylin and eosin (H&E) and safranin O/fast green to
reveal histological changes in the articular cartilage and
synovium.

The remaining six undecalcified joints were sliced into
20-mm serial frozen sections in the same anatomical fashion
as the paraffin sections for evaluation of the biomechanical
properties of the synovial membrane using AFM.

Histological analysis
For routine histology, morphological changes in the artic-

ular cartilage and synovium were analyzed by standard
H&E staining in a single section. Safranin O/fast green-
stained sections were used to assess the cartilage histo-
pathology score in accordance with the OARSI OA
Cartilage Histopathology Assessment System (15).

Cartilage degeneration was assessed simultaneously
using the Mankin and OARSI scoring systems. The Mankin
score was calculated based on the structure of the carti-
lage, cells, safranin-O-staining, and tidemark integrity using
a score in the range 0–14 (best to worst) (16). For the
OARSI scoring system, cartilage degeneration was scored
as none to severe (numerical values 0–5), as described
previously (15).

Synovitis in OA is not a diffuse process and its distri-
bution is confined to areas close to sites of chondropathy
(17). As morphological changes in the synovium and sever-
ity of synovitis in the anterior capsules may be different from
that in the posterior part of the sagittal sections, changes
in synovial histopathology of the anterior and posterior
compartments were compared in the different groups.
Synovitis was examined using the validated grading sys-
tem (18), including analysis of four parameters: hyperpla-
sia of the synovial lining cell layer, activation of resident
cells or synovial stroma, and inflammatory infiltration, with
scores ranging 0–9 (slight to severe).
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AFM scanning and nanoindentation testing
An AFM scanner (Dimension ICON, Bruker, USA) was

used at room temperature for imaging and mechanical
testing. Since the properties of the collagen fibrils of the
synovium could vary at different locations within the cap-
sule, subdivisions in the synovium in the anterior and
posterior capsule were measured independently for each
section. Twenty collagen fibrils from each site were tested.
AFM imaging and nano-mechanical testing were both
performed at a scanning rate of 1 Hz using a ScanAsyst-
Air probe with a curvature radius of 5 nm and a force con-
stant of 0.4 N/m (Bruker, USA).

The diameter and D-periodic banding patterns of the
collagen fibrils were recorded in AFM imaging experi-
ments. A larger area (5� 5 mm) of each sample was first
scanned prior to a smaller region (1�1 mm) being re-
scanned at a higher resolution (19). Statistical measure-
ments of collagen fibril diameter and D-periodic banding
were calculated by line section analysis using NanoScope
Analysis Software (Bruker, USA).

The compressive elastic modulus of the collagen
fibrils was measured in AFM PeakForce Quantitative Nano
Mechanics (QNM) testing mode. Since the elastic modulus
of the fibrils where they overlapped or regions where there
were gaps differs significantly (20), only the overlapping
regions were selected for measurement in this study. After
calibration of the force constant k and curvature radius R
of the probe, the elastic modulus was calculated using the
Hertz model in the Equation, the most commonly used in
AFM indentation testing of collagen fibrils (21):

F¼ 4
3

e
ð1� v2Þ

ffiffiffiffi

R
p

d
3
2

where F is the indentation force, e is Young’s modulus, v
is Poisson’s ratio, R is radius of the indenter (tip), and d is
indentation.

Immunohistochemical analysis
Immunohistochemical analysis was conducted on

decalcified sections of the right knee joint under standard
procedures (22). Interleukin-1b (IL-1b), tumor necrosis
factor-a (TNF-a), and matrix metalloproteinase-3 (MMP-3)
in the synovium were semi-quantitatively analyzed. Sec-
tions were incubated with rabbit primary antibodies (IL-1b,
dilution 1:100; TNF-a, dilution 1:100; MMP-3, dilution 1:200;
all from Abcam, England) or control rabbit IgG (1:100 in 5%
BSA) and goat anti-rabbit secondary antibody (Cell
Signaling Technologies, USA, dilution 1:400). Slides were
imaged using an Olympus light microscope (Japan) at 40�
magnification. Immunohistochemical staining results were
analyzed using a semi-quantitative method, as previously
described (22). Each slice was observed in ten vision fields.
The number of stained positive cells and their staining
intensity was used for scoring, and the two scores (range:
0–12) were multiplied to obtain protein expression intensity.
All sections were analyzed by two independent observers

blinded to the experimental details. There was no signifi-
cant difference within intra-observer and inter-observer
measurements.

Statistical analysis
Experimental data are reported as means±SD. For

immunohistochemical staining analysis, differences within
groups were assessed using one-way ANOVA after veri-
fication of normality. Post hoc comparisons between
groups were tested using a least significant difference
(LSD) method. For the remaining data, a comparison
between the Sham and ACLT OA groups was conducted
using an independent-samples t-test. Statistical analysis
was performed using SPSS v17.0 software (IBM, USA).
P values o0.05 were considered statistically significant.

Results

H&E staining of cartilage
The results of H&E staining of the knee joints are shown

in Figure 1. In all sham groups, a normal and physiologi-
cal cartilage structure was observed, including a flat joint
surface, natural cellular morphology, and layering with a
normal tidal line, as shown in Figure 1Aa–c. However, the
femoral condyles in the OA groups displayed a progressive
pathological process in the cartilage in the longer time
periods. It was clear that the 4W, 8W, and 12W ACLT OA
groups represented early, middle, and late stages of OA,
respectively. In the 4W group, the cartilage surface was
quite smooth and flat with no visible ruptures. The only
obvious change was the occurrence of chondrocyte clus-
ters and an increase in cell number (Figure 1Ad). The carti-
lage surface in the 8W group was rough with minor cracks.
There was an elevated cell number, density, and frequency
of cell clusters, in addition to slightly disorganized tidal lines
with small breaks, as shown in Figure 1Ae. The 12W ALCT
OA group demonstrated features of late stage OA, includ-
ing a greater number of deep cracks on the cartilage
surface, indistinguishable cell layer, overlapping or missing
tidal lines, and a thinning of the hyaline cartilage layer
(Figure 1Af).

Safranin O-fast green staining of cartilage
Safranin O-fast green staining can be indicative of

the degree of cartilage degeneration in OA pathology.
Safranin O-stained proteoglycan was visible within the
cartilage matrix of all sham controls (Figure 1B). However,
staining intensity gradually declined in the ACLT OA
groups as OA worsened. The lightest staining occurred in
the 12WACLT OA group, where a number of regions were
almost grey, implying a severe loss of proteoglycan. Both
Mankin and OARSI scorings increased with longer exper-
imental duration, all three ACLT OA groups demonstrated
significant differences compared with the sham group
(Mankin score: P=0.043, 0.029, 0.005; OARSI score:
P=0.031, 0.009, 0.004) (Figure 1C and D).
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HE staining and histological scoring of the synovium
Although histopathologic changes in the cartilage were

observed, as described above, synovial histomorphology
was also altered as OA progressed. The synovial mem-
brane in the sham groups consisted only of synoviocytes
and was free of basement membrane. The lining of the
tissue in the sham groups was 1–2 cells thick without
hypertrophy, hyperplasia, or matrix fibrosis (Figure 2A
and B). In the 4W ACLT OA group, although only lightly
degraded cartilage was observed, histopathological
changes to the inflamed synovium were already quite
apparent. Synoviocyte hypertrophy and hyperplasia were
observed with disordered tissue arrangement, in addition
to matrix edema and infiltration of inflammatory factors
and cells (Figure 2Ad). In the 8W group, histopathologic
changes to the synovium, as described above, increased,
with interstitial fibrosis and clearly apparent vascular
proliferation (Figure 2Ae). Twelve weeks post-surgery,
the synoviocytes of the lining had proliferated to more
than ten layers, combined with significant matrix fibrosis
(Figure 2Af).

Synovitis histological scoring showed significant differ-
ences between all OA groups except for the posterior 4W
group (P=0.110) and the corresponding sham controls

(Figure 2C and D). As time after surgery increased,
histopathological scoring of the synovium in the ACLT
OA group increased gradually in both the anterior and
posterior capsules.

Changes to nano-biomechanical characteristics of the
synovium using AFM

In order to exam the nano-biomechanical properties of
the synovial membrane, AFM imaging and biomechanical
testing at the nanoscale was conducted. Representative
AFM images of the anterior and posterior synovium of the
knee joint from the sham controls and ACLT OA groups
are shown in Figure 3. Fibril diameter, arrangement, and
D-periodic banding patterns are visible in the images.
Compared to sham controls, synovial fibrils in all ACLT OA
groups were significantly disordered in both the anterior
(Figure 3A) and posterior (Figure 3B) capsules. However,
there were no significant differences in the diameter and
D-periodic banding patterns between the sham controls
and ACLT OA groups (P40.05). The maximum and
minimum fibril diameter in all groups was 133.62±21.03
nm vs 133.03±10.27 nm (P=0.956). The maximum and
minimum D-periodic banding in all groups was 68.19
±12.73 nm vs 65.43±2.57 nm (P=0.647).

Figure 1. Articular cartilage degeneration in sham controls and osteoarthritic knees 4, 8, and 12 weeks (W) after anterior cruciate
ligament transection (ACLT). A, H&E staining and (B) safranin O/fast green staining of cartilage in osteoarthritis groups and their
respective sham controls. In all sham groups, a normal and physiological cartilage structure was observed, including a flat joint surface,
natural cellular morphology, and layering with a normal tidal line. Arrows indicate the occurrence of chondrocyte clusters and an increase
in cell number (A) and gradually declined staining intensity (B). Asterisks indicate cracks on the cartilage surface and a thinning of the
hyaline cartilage layer (scale bar 50 mm). C, Mankin and (D) OARSI scoring were used to semi-quantitatively analyze degeneration of
the cartilage. Data are reported as means±SD. *Po0.05, **Po0.01 compared to Sham (independent-samples t-test).
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The elastic moduli of synovial collagen fibrils at the
nanoscale are presented in Figure 4. For both anterior
(Figure 4A) and posterior (Figure 4B) capsules, the syno-
vial fibrils in the ACLT OA groups at all time points were
stiffer than those in the sham controls (anterior: P=0.010,
0.006, o0.001; posterior: P=0.049, 0.022, 0.009). The
elastic modulus of the synovium 4W post-surgery was
significantly higher in the anterior and posterior capsules,
2.89- and 2.06-fold greater than those of the correspond-
ing sham group. The modulus of the synovium increased
further at 8 and 12 weeks, to 3.05- and 3.39-fold higher in
the anterior and 2.47- and 2.82-fold higher in the posterior
capsules, respectively, compared with the sham controls.
The elastic modulus of the sham synovium, not surpris-
ingly, did not change significantly throughout the study.

Expression levels of IL-1b, TNF-a, and MMP-3 in the
synovium revealed by immunohistochemical staining

The expressions of IL-1b, TNF-a, and MMP-3 in the
synovium are shown in Figure 5. Specifically, ACLT OA
rats at all time points displayed significantly higher levels
of IL-1b and MMP-3 as experimental time increased,
compared with the sham controls (IL-1b: P=0.004, 0.002,
o0.001; MMP-3: P=0.048, o0.001, o0.001). However,
expression levels of TNF-a were relatively lower, with no

significant changes observed in the 4W and 8W groups
compared with sham controls (P=0.397, 0.051). Only 12
weeks after surgery, there was a significant difference in
TNF-a expression between the sham control and OA
groups (P=0.001). In the sham controls, light yellow-
stained IL-1b, TNF-a, and MMP3 were found in the
cytoplasm and principally distributed within the extracel-
lular matrix of the synovium. In the ACLT OA groups,
however, these proteins were predominantly distributed in
the synovial cytoplasm of the lining layer and sub-lining
layer, with brown-stained particles. Such staining was also
observed in inflammatory cells, such as monocytes and
macrophages. The synovial extracellular matrix in the OA
groups displayed lighter staining compared with cytoplas-
mic staining, but heavier than that of the sham controls.

Discussion

A large number of researchers have recently focused
on the possibility that synovial inflammation is an impor-
tant factor in the pathology and progression of OA (5). To
date, however, the majority of studies have only observed
macroscale and microscale morphological changes in the
synovium in OA, and to our knowledge, no study has
explored its nanoscale morphology and biomechanical

Figure 2. Synovial inflammation in sham controls and in osteoarthritic knees 4, 8, and 12 weeks (W) after anterior cruciate ligament
transection (ACLT). Routine H&E staining of synovium in osteoarthritis groups and their respective sham controls in the (A) anterior and
(B) posterior part of knee joints (scale bar 50 mm), and their corresponding histopathological scores (C and D). The lining of the tissue in
the sham groups was 1–2 cells thick without hypertrophy, hyperplasia, or matrix fibrosis (white arrow). Synoviocyte hypertrophy and
hyperplasia were observed with disordered tissue arrangement (black arrow), in addition to matrix edema and infiltration of inflammatory
factors and cells (asterisks). Data are reported as means±SD *Po0.05, **Po0.01 compared to Sham (independent-samples t-test).
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properties, the foundation of macroscopic changes. In this
study, we assessed OA-related histopathological changes
in the cartilage and synovium in an ACLT model of the rat
knee, with particular attention to alterations of nanoscale
biomechanical properties of the synovium, hypothesized
to be closely related with synovitis and progression of OA.

The ACLT model has been shown to be an impor-
tant tool in OA pathological research. The results of this
study demonstrated that cartilage degeneration gradually
increased with time in an ACLT OA model. These results
agree with previous studies (23), suggesting that OA is a
progressive and time-dependent disease.

In addition to cartilage damage, synovial inflamma-
tion is another important hallmark of OA. Inflammation,

especially synovitis, is believed to play a substantial role in
the onset of OA and its progression. A number of studies
have found that synovial inflammation occurs earlier than
cartilage damage in mild OA (24,25). It has also been
reported that synovitis is closely related to higher levels
of degeneration in articular cartilage in human OA and
can indicate progression of arthritic damage (16). In the
present study, varying degrees of synovitis were observed
in the different ACLT OA groups, in addition to cartilage
damage. After 4 weeks of induction of OA, synovitis in the
medial joint compartment was significantly greater than it
was in the sham controls, and greater still in the 8–12W
groups. Similar results have been reported previously,
chondral defects and associated synovitis being closely

Figure 3. Representative atomic force microscopy images of synovial collagen fibrils in sham controls and osteoarthritic knees 4, 8, and
12 weeks (W) after anterior cruciate ligament transection (ACLT). Knees were scanned (A) anteriorly and (B) posteriorly, separately
(scale bar 200 nm). Compared to the sham controls, the arrangement of synovial fibrils in all osteoarthritis groups appeared significantly
disordered in both anterior and posterior capsules (asterisks). However, there were no significant differences in the diameter and D-
periodic banding patterns between the sham controls and osteoarthritis groups.
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associated in the medial tibiofemoral compartment of the
knee (17) with synovitis directly implicated in the initiation
and progression of OA. In addition, although pathological
changes to the synovium were apparent in advanced
OA (12 weeks after surgery), a significant increase in
synovial hypertrophy and inflammation was observed as
early as 4 weeks after induction of OA, while changes in
the cartilage were mild or at an early stage. This could be
attributed to the possible early contribution of synovitis to
the pathogenesis of OA. Interestingly, the present study
also demonstrated that the histopathological features of
synovitis in the anterior part of knee capsule were more
serious than within the posterior part. This suggests that
histopathological changes in the inflammatory synovium
can vary in different locations of the joint. However, it
remains unclear whether synovitis is the primary cause
or whether it is the result of cartilage degeneration and
deserves further research.

Past studies of the pathophysiology of synovitis in OA
have primarily concentrated on synovial histomorphologi-
cal alterations at the macro and micro level. Few studies
have discussed changes to nanoscale biomechanical
properties of the synovium in models of OA. Our data
revealed, for the first time, that the elastic modulus of
synovial collagen fibrils in all OA groups increased signif-
icantly in both anterior and posterior capsules compared
with the corresponding sham controls. However, the
diameter and D-periodic banding patterns of the collagen
fibrils were similar in both the ACLT OA and sham groups
at all time points. In other words, the synovial ECM in all
experimental groups stiffened dramatically after ACLT
surgery. Furthermore, fibrotic disorders were also found in
the OA groups except for increased synovial stiffness,
which can be considered a form of fibrosis, as the process
involves deposition of a dense, disorganized ECM of
collagen (26).

It is well-known that the ECM is a physiochemical
structure that can regulate the three-dimensional align-
ment and behavior of cells in specific tissues. Their unique
structure, physical properties such as matrix stiffness, and
biochemical constitution of the ECM significantly influence
matrix-cellular communications (27). It was reported by EI-
Mohri et al. (8) that elevated matrix stiffness resulted in
increased rates of fibroblast proliferation and fiber for-
mation. In addition, variations in stiffness of the ECM can
stimulate different cellular morphologies and increase key
inflammatory mediators (28). Therefore, changes in the
proliferation of synoviocytes (a type of fibroblast) and their
functioning in addition to progression of synovitis are
possibly associated with alteration in synovial matrix
stiffness. This may at least partly explain the character-
ization of synovitis including hypertrophy, hyperplasia of
synovial lining cells, and ECM fibrosis in OA. Further
investigation is required to clarify the precise association
between the stiffening of the ECM within the synovium
and synovitis in OA knees and whether synovial stiffness
reflects the level of disease or dysfunction.

It has been reported that a number of proinflammatory
mediators can be released by bone, cartilage, and the
synovium (29,30). Synovitis can be sustained by cyto-
kines such as IL-1b and TNF-a, which can further promote
the production of MMPs and other proteinases (31,32).
Such cytokines produced by an inflammatory synovium,
including IL and TNF, are able to induce a degradative
cascade leading to joint damage (33). A previous study
linked the activation of synovial inflammatory cells to
damage in cartilage in a murine model of OA (34), in which
proinflammatory cytokines were thought to be mediators
(35). Our data indicated that expressions of IL-1b, TNF-a,
and MMP-3 proteins in the OA synovium were clearly
elevated in the ACLT groups at all time points. Positive
staining (corresponding to protein expression levels)
appeared to correlate with infiltration of inflammatory cells
into the synovium. These proteins were expressed at the

Figure 4. Mean elastic moduli of synovial collagen fibrils in sham
controls and osteoarthritic knees 4, 8, and 12 weeks (W) after
anterior cruciate ligament transection (ACLT). The elastic
modulus was measured both in the (A) anterior and (B) posterior
joint capsules of all animals. Compared with the sham control
group (0.18±0.04 GPa at 4W, 0.22±0.05 GPa at 8W, 0.23±0.03
GPa at 12W), fibrils stiffened in the anterior joint capsule at each
time point (0.52±0.10 GPa at 4W, 0.67±0.12 GPa at 8W, 0.78
±0.09 GPa at 12W). In the posterior joint capsule, this change
was significant (0.35±0.07 vs 0.17±0.04 GPa at 4W, 0.47±0.09
vs 0.19±0.05 GPa at 8W, 0.62±0.12 vs 0.22±0.03GPa at
12W). Data are reported as means±SD. *Po0.05, **Po0.01
compared to Sham (independent-samples t-test).
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highest levels in cells of the synovial lining. This distri-
bution of IL-1b, TNF-a, and MMP-3 expression in the
synovium is in agreement with the rationale that bioactive
cytokines and proteoenzymes can be readily secreted into
the synovial fluid and then dispersed into cartilage to
induce cartilage damage (36). This, at least partly, sup-
ports the observation that OA pathology and synovitis in
the 12W group were more serious than found in the 4W
and 8W groups.

MMP is a zinc-dependent protease that has a crucial
role in ECM decomposition process in pathologies such as
arthritis and tumor invasion (37). MMP-3 is a member of the
MMP family and has been shown to be involved in a variety
of inflammatory and oncological conditions. It was reported
that MMP-3 is highly expressed in the synovial cells of

osteoarthritis and can promote the proliferation of synovial
cells and inhibit apoptosis (38). In addition, Chen et al.
(39) found that reduction of MMP-3 mRNA and protein
expression can protect the cartilage and treat osteoarthritis.
In our study, MMP-3 was found to be highly expressed in
synovial cells of osteoarthritis in all OA groups. Based on
previous research and our data, we inferred that high
expression of MMP-3 was closely related to the occurrence
and development of synovitis and osteoarthritis.

There are a number of potential limitations of this
study. Firstly, the pathophysiology and pathogenesis of
ACLT OA is complicated and unclear. Although the onset
of synovitis and synovial stiffening in OA in addition
to cartilage degradation may be due to ongoing arthritic
instability, the results only suggest that synovitis and

Figure 5. Expression levels of interleukin (IL)-1b, tumor necrosis factor (TNF)-a, and matrix metalloproteinase-3 (MMP-3) in the
synovium of sham controls and osteoarthritic knees 4, 8, and 12 weeks (W) after anterior cruciate ligament transection (ACLT).
Immunohistochemical staining of IL-1b (Aa-d), TNF-a (Ae-h), and MMP-3 (Ai-l) expressed in the synovium of the anterior capsule of
sham controls and osteoarthritis groups (scale bar 25 mm), and (B) their semi-quantitative analysis. In the sham controls, light yellow-
stained IL-1b, TNF-a, and MMP3 were found in the cytoplasm and principally distributed within the extracellular matrix of the synovium
(*). In the ACLT groups, however, these proteins were predominantly distributed in the synovial cytoplasm of the lining layer and sub-
lining layer, with brown-stained particles (black arrow). Data are reported as means±SD. *Po0.05, **Po0.01 compared to Sham
(ANOVA).
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synovium stiffening is closely involved in the development
of OA. We cannot absolutely determine which represents
the initiator of the disease and whether stiffening of the
synovium and synovitis promote the progression of OA.
Secondly, ACLT-induced models of biomechanical insta-
bility represent posttraumatic OA with arthritic instability,
and the validity of direct translation of ACLT models still
require careful appraisal in future studies.

In the present study, we demonstrated in a rat OA
model that the elastic modulus of synovial collagen fibrils
in ECM at the nanoscale increased significantly and that
synovitis, especially stiffening of the synovium, was
closely related to joint degeneration in knee OA, particu-
larly in the anterior arthritic capsule. Our data provided
insights into the role of synovitis, particularly stiffening of
the synovium, in OA pathogenesis.

Acknowledgments

This work was funded by the National Natural Science
Foundation of China (31570943, 81702146, and 31270995),
Innovation and Entrepreneurship Program of Jiangsu
Province, the Priority Academic Program Development
of Jiangsu Higher Education Institutions, the Basic
Research Program of Jiangsu Province (grant number:
BK20180196), Natural Science Foundation of the Jiangsu
Higher Education Institutions of China (grant number:
18KJB180024), and Jiangsu Planned Projects for Post-
doctoral Research Funds (grant number: 1601051C). The
funding institutions did not influence the design of the
study, the collection, analysis, or interpretation of the data,
or the writing of the manuscript.

References

1. Paans N, van den Akker-Scheek I, Dilling RG, Bos M, van
der Meer K, Bulstra SK, et al. Effect of exercise and weight
loss in people who have hip osteoarthritis and are over-
weight or obese: a prospective cohort study. Phys Ther
2013; 93: 137–146, doi: 10.2522/ptj.20110418.

2. Chevalier X, Eymard F, Richette P. Biologic agents in
osteoarthritis: hopes and disappointments. Nat Rev Rheu-
matol 2013; 9: 400–410, doi: 10.1038/nrrheum.2013.44.

3. Favero M, Ramonda R, Goldring MB, Goldring SR, Punzi L.
Early knee osteoarthritis. RMD Open 2015; 1: e000062, doi:
10.1136/rmdopen-2015-000062.

4. de Lange-Brokaar BJE, Ioan-Facsinay A, van Osch GJVM,
Zuurmond AM, Schoones J, Toes RE, et al. Synovial
inflammation, immune cells and their cytokines in osteoar-
thritis: a review. Osteoarthritis Cartilage 2012; 20: 1484–
1499, doi: 10.1016/j.joca.2012.08.027.

5. Mancarella L, Addimanda O, Cavallari C, Meliconi R.
Synovial inflammation drives structural damage in hand
osteoarthritis: a narrative literature review. Curr Rheumatol
Rev 2017; 13: 43–50, doi: 10.2174/1573397112666160
909105903.

6. Mathiessen A, Conaghan PG. Synovitis in osteoarthritis:
current understanding with therapeutic implications. Arthritis
Res Ther 2017; 19: 18, doi: 10.1186/s13075-017-1229-9.

7. Panzetta V, Musella I, Rapa I, Volante M, Netti PA, Fusco S.
Mechanical phenotyping of cells and extracellular matrix as
grade and stage markers of lung tumor tissues. Acta
Biomater 2017; 57: 334–341, doi: 10.1016/j.actbio.2017.
05.002.

8. El-Mohri H, Wu Y, Mohanty S, Ghosh G. Impact of matrix
stiffness on fibroblast function. Mater Sci Eng C Mater
Biol Appl 2017; 74: 146–151, doi: 10.1016/j.msec.2017.02.
001.

9. Matellan C, Del Rio Hernandez AE. Engineering the cellular
mechanical microenvironment - from bulk mechanics to the
nanoscale. J Cell Sci 2019; 132: jcs229013, doi: 10.1242/
jcs.229013.

10. Stolz M, Gottardi R, Raiteri R, Miot S, Martin I, Imer R, et al.
Early detection of aging cartilage and osteoarthritis in mice
and patient samples using atomic force microscopy. Nat

Nanotechnol 2009; 4: 186–192, doi: 10.1038/nnano.2008.
410.

11. Liang T, Zhang LL, Xia W, Yang HL, Luo ZP. Individual
collagen fibril thickening and stiffening of annulus fibrosus in
degenerative intervertebral disc. Spine (Phila Pa 1976). 2017;
42: E1104–E1111, doi: 10.1097/BRS.0000000000002085.

12. Liang T, Che YJ, Chen X, Li HT, Yang HL, Luo ZP. Nano and
micro biomechanical alterations of annulus fibrosus after in
situ immobilization revealed by atomic force microscopy.
J Orthop Res 2019; 37: 232–238, doi: 10.1002/jor.24168.

13. Stoop R, Buma P, van der Kraan PM, Hollander AP,
Billinghurst RC, Meijers TH, et al. Type II collagen degra-
dation in articular cartilage fibrillation after anterior cruciate
ligament transection in rats. Osteoarthritis Cartilage 2001; 9:
308–315, doi: 10.1053/joca.2000.0390.

14. McAlindon TE, Snow S, Cooper C, Dieppe PA. Radiographic
patterns of osteoarthritis of the knee joint in the community:
the importance of the patellofemoral joint. Ann Rheum Dis
1992; 51: 844–849, doi: 10.1136/ard.51.7.844.

15. Gerwin N, Bendele AM, Glasson S, Carlson CS. The OARSI
histopathology initiative - recommendations for histological
assessments of osteoarthritis in the rat. Osteoarthritis
Cartilage 2010; 18: S24–S34, doi: 10.1016/j.joca.2010.05.
030.

16. Walsh DA, Yousef A, McWilliams DF, Hill R, Hargin E, Wilson
D. Evaluation of a Photographic Chondropathy Score (PCS)
for pathological samples in a study of inflammation in tibio-
femoral osteoarthritis. Osteoarthritis Cartilage 2009; 17:
304–312, doi: 10.1016/j.joca.2008.07.016.

17. Ayral X, Pickering EH, Woodworth TG, Mackillop N,
Dougados M. Synovitis: a potential predictive factor of
structural progression of medial tibiofemoral knee osteoar-
thritis - results of a 1 year longitudinal arthroscopic study in
422 patients. Osteoarthritis Cartilage 2005; 13: 361–367,
doi: 10.1016/j.joca.2005.01.005.

18. Krenn V, Morawietz L, Haupl T, Neidel J, Petersen I, Konig
A. Grading of chronic synovitis - a histopathological grading
system for molecular and diagnostic pathology. Pathol Res
Pract 2002; 198: 317–325, doi: 10.1078/0344-0338-571
0261.

Braz J Med Biol Res | doi: 10.1590/1414-431X202010058

Increased elastic modulus of the synovium in osteoarthritis 9/10

http://dx.doi.org/10.2522/ptj.20110418
http://dx.doi.org/10.1038/nrrheum.2013.44
http://dx.doi.org/10.1136/rmdopen-2015-000062
http://dx.doi.org/10.1016/j.joca.2012.08.027
http://dx.doi.org/10.2174/1573397112666160909105903
http://dx.doi.org/10.2174/1573397112666160909105903
http://dx.doi.org/10.1186/s13075-017-1229-9
http://dx.doi.org/10.1016/j.actbio.2017.05.002
http://dx.doi.org/10.1016/j.actbio.2017.05.002
http://dx.doi.org/10.1016/j.msec.2017.02.001
http://dx.doi.org/10.1016/j.msec.2017.02.001
http://dx.doi.org/10.1242/jcs.229013
http://dx.doi.org/10.1242/jcs.229013
http://dx.doi.org/10.1038/nnano.2008.410
http://dx.doi.org/10.1038/nnano.2008.410
http://dx.doi.org/10.1097/BRS.0000000000002085
http://dx.doi.org/10.1002/jor.24168
http://dx.doi.org/10.1053/joca.2000.0390
http://dx.doi.org/10.1136/ard.51.7.844
http://dx.doi.org/10.1016/j.joca.2010.05.030
http://dx.doi.org/10.1016/j.joca.2010.05.030
http://dx.doi.org/10.1016/j.joca.2008.07.016
http://dx.doi.org/10.1016/j.joca.2005.01.005
http://dx.doi.org/10.1078/0344-0338-5710261
http://dx.doi.org/10.1078/0344-0338-5710261
http://dx.doi.org/10.1590/1414-431X202010058


19. Shao J, Lin L, Tang B, Du C. Structure and nanomechanics
of collagen fibrils in articular cartilage at different stages of
osteoarthritis. RSC Adv 2014; 4: 51165–51170, doi:
10.1039/C4RA08997A.

20. Minary-Jolandan M, Yu MF. Nanomechanical heterogeneity
in the gap and overlap regions of type I collagen fibrils with
implications for bone heterogeneity. Biomacromolecules
2009; 10: 2565–2570, doi: 10.1021/bm900519v.

21. Wenger MP, Bozec L, Horton MA, Mesquida P. Mechanical
properties of collagen fibrils. Biophys J 2007; 93: 1255–
1263, doi: 10.1529/biophysj.106.103192.

22. Chen JJ, Huang JF, Du WX, Tong PJ. Expression and
significance of MMP3 in synovium of knee joint at different
stage in osteoarthritis patients. Asian Pac J Trop Med 2014;
7: 297–300, doi: 10.1016/S1995-7645(14)60042-0.

23. Wang H, Wang Q, Yang M, Yang L, Wang W, Ding H, et al.
Histomorphology and innate immunity during the progres-
sion of osteoarthritis: does synovitis affect cartilage degra-
dation? J Cell Physiol 2018; 233: 1342–1358, doi: 10.1002/
jcp.26011.

24. Bellucci F, Meini S, Cucchi P, Catalani C, Nizzardo A, Riva
A, et al. Synovial fluid levels of bradykinin correlate with
biochemical markers for cartilage degradation and inflam-
mation in knee osteoarthritis. Osteoarthritis Cartilage 2013;
21: 1774–1780, doi: 10.1016/j.joca.2013.08.014.

25. Berenbaum F. Osteoarthritis as an inflammatory disease
(osteoarthritis is not osteoarthrosis!). Osteoarthritis Cartilage
2013; 21: 16–21, doi: 10.1016/j.joca.2012.11.012.

26. Freeman TA, Parvizi J, Dela Valle CJ, Steinbeck MJ. Mast
cells and hypoxia drive tissue metaplasia and heterotopic
ossification in idiopathic arthrofibrosis after total knee arthro-
plasty. Fibrogenesis Tissue Repair 2010; 3: 17, doi: 10.1186/
1755-1536-3-17.

27. Geiger B, Yamada KM. Molecular architecture and function
of matrix adhesions. Cold Spring Harb Perspect Biol 2011;
3: a005033, doi: 10.1101/cshperspect.a005033.

28. Branco da Cunha C, Klumpers DD, Li WA, Koshy ST,
Weaver JC, Chaudhuri O, et al. Influence of the stiffness of
three-dimensional alginate/collagen-I interpenetrating net-
works on fibroblast biology. Biomaterials 2014; 35: 8927–
8936, doi: 10.1016/j.biomaterials.2014.06.047.

29. Goldring MB, Otero M. Inflammation in osteoarthritis. Curr
Opin Rheumatol 2011; 23: 471–478, doi: 10.1097/
BOR.0b013e328349c2b1.

30. Loeser RF, Goldring SR, Scanzello CR, Goldring MB.
Osteoarthritis: a disease of the joint as an organ. Arthritis
Rheum 2012; 64: 1697–1707, doi: 10.1002/art.34453.

31. Mabey T, Honsawek S. Cytokines as biochemical markers
for knee osteoarthritis. World J Orthop 2015; 6: 95–105, doi:
10.5312/wjo.v6.i1.95.

32. Rahmati M, Mobasheri A, Mozafari M. Inflammatory
mediators in osteoarthritis: a critical review of the state-of-
the-art, current prospects, and future challenges. Bone
2016; 85: 81–90, doi: 10.1016/j.bone.2016.01.019.

33. Lambert C, Mathy-Hartert M, Dubuc JE, Montell E, Verges J,
Munaut C, et al. Characterization of synovial angiogenesis in
osteoarthritis patients and its modulation by chondroitin sulfate.
Arthritis Res Ther 2012; 14: R58, doi: 10.1186/ar3771.

34. Blom AB, van Lent PL, Holthuysen AE, van der Kraan PM,
Roth J, van Rooijen N, et al. Synovial lining macrophages
mediate osteophyte formation during experimental osteoar-
thritis. Osteoarthritis Cartilage 2004; 12: 627–635, doi:
10.1016/j.joca.2004.03.003.

35. van Lent PL, Blom AB, van der Kraan P, Holthuysen AE,
Vitters E, van Rooijen N, et al. Crucial role of synovial lining
macrophages in the promotion of transforming growth factor
beta-mediated osteophyte formation. Arthritis Rheum 2004;
50: 103–111, doi: 10.1002/art.11422.

36. Young L, Katrib A, Cuello C, Vollmer-Conna U, Bertouch JV,
Roberts-Thomson PJ, et al. Effects of intraarticular gluco-
corticoids on macrophage infiltration and mediators of joint
damage in osteoarthritis synovial membranes: findings in a
double-blind, placebo-controlled study. Arthritis Rheum
2001; 44: 343–350, doi: 10.1002/1529-0131(200102)44:2
o343::AID-ANR5243.0.CO;2-Q.

37. Xu Q, Gai PY, Lv HL, Li GR, Liu XY. Association of MMP3
genotype with susceptibility to frozen shoulder: a case-
control study in a Chinese Han population. Genet Mol Res
2016; 15, doi: 10.4238/gmr.15017228.

38. Zeng JJ, Wang HD, Shen ZW, Yao XD, Wu CJ, Pan T.
Curcumin inhibits proliferation of synovial cells by down-
regulating expression of matrix metalloproteinase-3 in osteoar-
thritis. Orthop Surg 2019; 11: 117–125, doi: 10.1111/os.12412.

39. Chen S, Fang XQ, Zhang JF, Ma Y, Tang XZ, Zhou ZJ, et al.
Lycorine protects cartilage through suppressing the expres-
sion of matrix metalloprotenases in rat chondrocytes and in
a mouse osteoarthritis model.Mol Med Rep 2016; 14: 3389–
3396, doi: 10.3892/mmr.2016.5594.

Braz J Med Biol Res | doi: 10.1590/1414-431X202010058

Increased elastic modulus of the synovium in osteoarthritis 10/10

http://dx.doi.org/10.1039/C4RA08997A
http://dx.doi.org/10.1021/bm900519v
http://dx.doi.org/10.1529/biophysj.106.103192
http://dx.doi.org/10.1016/S1995-7645(14)60042-0
http://dx.doi.org/10.1002/jcp.26011
http://dx.doi.org/10.1002/jcp.26011
http://dx.doi.org/10.1016/j.joca.2013.08.014
http://dx.doi.org/10.1016/j.joca.2012.11.012
http://dx.doi.org/10.1186/1755-1536-3-17
http://dx.doi.org/10.1186/1755-1536-3-17
http://dx.doi.org/10.1101/cshperspect.a005033
http://dx.doi.org/10.1016/j.biomaterials.2014.06.047
http://dx.doi.org/10.1097/BOR.0b013e328349c2b1
http://dx.doi.org/10.1097/BOR.0b013e328349c2b1
http://dx.doi.org/10.1002/art.34453
http://dx.doi.org/10.5312/wjo.v6.i1.95
http://dx.doi.org/10.1016/j.bone.2016.01.019
http://dx.doi.org/10.1186/ar3771
http://dx.doi.org/10.1016/j.joca.2004.03.003
http://dx.doi.org/10.1002/art.11422
http://dx.doi.org/10.1002/1529-0131(200102)44:2<343::AID-ANR52>3.0.CO;2-Q
http://dx.doi.org/10.1002/1529-0131(200102)44:2<343::AID-ANR52>3.0.CO;2-Q
http://dx.doi.org/10.4238/gmr.15017228
http://dx.doi.org/10.1111/os.12412
http://dx.doi.org/10.3892/mmr.2016.5594
http://dx.doi.org/10.1590/1414-431X202010058

	title_link
	Introduction
	Material and Methods
	Animals
	ACLT model and experimental design
	Tissue preparation
	Histological analysis
	AFM scanning and nanoindentation testing
	Immunohistochemical analysis
	Statistical analysis

	Results
	H&E staining of cartilage
	Safranin Ohyphenfast green staining of cartilage
	HE staining and histological scoring of the synovium
	Changes to nanohyphenbiomechanical characteristics of the synovium using AFM

	Figure 1.
	Expression levels of ILhyphen1&macbgr;, TNFhyphen&macagr;, and MMPhyphen3 in the synovium revealed by immunohistochemical staining

	Discussion
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Acknowledgments

	REFERENCES
	References


