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Abstract: The imbalance in the expression of matrix metalloproteinases (MMPs) and lysyl oxidases
(LOXs) in synovial fibroblasts (SFs) caused by mechanical injury and inflammatory response prevents
injured anterior cruciate ligaments (ACLs) from self-healing. However, research on the effect of
growth factors on SFs on regulating the microenvironment is limited. In this study, mechanical
injury and exogenous transform growth factor-β1 (TGF-β1) were employed to mimic a joint-cavity
microenvironment with ACL trauma. The function of the NF-κB transcription factor was further
studied. The study found that the gene expression of LOXs (except LOXL-1), MMP-1, -2, and -3 in
SFs was promoted by the combination of injurious mechanical stretching and TGF-β1 and that the
upregulation of MMPs was higher than that of LOXs. In addition, MMP-2 activity induced by the
combination of injurious stretch and TGF-β1 was inhibited by NF-κB inhibitors such as Bay11-7082
and Bay11-7085. The findings concluded that the synovium was an important regulator of the knee
joint-cavity microenvironment after ACL injury and that the NF-κB pathway mediated the regulation
of MMP-2 in SFs via mechanical factors and TGF-β1.
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1. Introduction

The anterior cruciate ligament (ACL) and the medial collateral ligament (MCL) are
major ligaments contributing to the stability and normal functioning of the knee joint. Iso-
lated ACL injuries are the most common knee ligament injury (48% of the total number), but
isolated MCL injuries are also common (29%) [1]. Unfortunately, a damaged ACL cannot
self-heal well, whereas a damaged MCL can self-heal well and restore function without any
intervention [2]. ACL injury affects the stability of the joint and further causes osteoarthritis
(OA) [3]. Thus far, the best treatment for ACL injury is reconstruction, including autotrans-
plantation, allotransplantation, and artificial ligaments. However, the biomechanics of the
joint is difficult to reproduce satisfactorily after surgery [4]. Thus, the poor healing of the
ACL starting from the healing mechanism of the ligament should be investigated.

There is strong evidence suggesting that the cellular intrinsic properties of the ACL
and MCL (such as proliferation, migration, extracellular matrix (ECM) synthesis, and
especially ECM remodeling) may be important contributing factors to the dissimilar healing
potential of these ligaments [5–7]. ECM remodeling is a dynamic process in which some
old extracellular-matrix proteins are decomposed by proteolytic enzymes and some new
extracellular-matrix proteins form fibers through aggregation and crosslinking [8]. Once
the balance is disrupted, the tissue does not heal. Previous in vitro studies revealed that
the inability of injured ACLs to heal is associated with an imbalance in extracellular-matrix
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synthesis and degradation adjusted and controlled by matrix metalloproteinases (MMPs)
and lysyl oxidases (LOXs), which are expressed by ACL fibroblasts [9,10].

MMPs are zinc-dependent endopeptidases that can cleave various extracellular-matrix
components, such as collagen, elastin, gelatin, etc. The degradation of these protein compo-
nents plays an important role not only in normal physiological processes (such as wound
healing, embryonic development, and morphogenesis) but also in pathological processes
(such as tumor progression) [11,12]. LOXs, which are important for the mechanical prop-
erties of the ECM and the susceptibility of ECM proteins to degradation by proteinases
(including MMPs), are a family of copper-dependent amine oxidases that catalyze lysine-
derived crosslinking [13]. The presence of 0.1 Schiff-base crosslinks per collagen molecule
results in twofold–threefold resistance to human collagenase compared with non-crosslinked
controls or samples [14]. The balance between the degradation and the synthesis of new
matrix in tissue remodeling processes is maintained by MMPs and LOXs.

In addition, the intrinsic differences between ACLs and MCLs, e.g., some environmen-
tal factors (such as blood supply, nutrition delivery, and especially the microenvironment of
joint cavity), are also important in judging ligament healing [5]. An in vivo rat ACL-injury
model proved that knee joint tissues released many more MMPs after ACL rotating injury,
because the knee joint cavity is a relatively isolated fluid-containing microenvironment sur-
rounded by the synovium, which facilitates the accumulation of MMPs in the synovial-fluid
microenvironment [15]. An excessive amount of MMPs accumulated in the synovial-fluid
microenvironment disrupts the delicate balance of removing damaged matrix components
with the deposition of newly synthesized materials, leading to failure in the healing of
cruciate ligaments.

Researchers found that among rat articular tissues (such as synovium, PCL, cartilage,
and meniscus), the synovium had the greatest capacity for elevating the level of 72 kDa
MMP-2 and 62 kDa active-MMP-2 based on a model of ACL injury in vivo. Hence, the
synovium may be a major participant in the regulation of the knee joint-cavity microenvi-
ronment after knee tissue injury [15]. Researchers also showed that the regulation of the
synovium in the microenvironment of the knee joint cavity was influenced by mechanical
stimulation based on a cell-injury model in vitro. The mechanical compression of SFs
increased the expression and the activity of MMP-2 [16]. Our previous in vitro study used
the equibiaxial stretch chamber, revealed the increase in MMP expression and the decrease
in LOX expression induced by mechanical injury, and further verified that SFs are involved
in the regulation of the articular-cavity microenvironment after ACL injury [17].

Bigoni et al. found elevated levels of IL-1β, TNF-α, and IL-6 in human synovial-fluid
samples after ACL injury [18]. Wang et al. [16] showed that TNF-α and IL-1α promoted the
expression of MMP-2 in SFs and indicated that the regulation of the synovium in the articular-
cavity microenvironment was also influenced by inflammatory factors. However, it was not
reported whether the regulation of the synovium in the articular-cavity microenvironment
was also affected by growth factors (such as transform growth factor-beta1 (TGF-β)).

TGF-β1 plays the most important role during connective-tissue repair. It can accel-
erate cell proliferation, induce cell migration, improve the synthesis of the extracellular
matrix [19,20], and regulate the expression levels of LOXs and MMPs in many cells [21–23].
Previous studies showed that the difference in the expression of LOXs in TGF-β1-stimulated
ACL and MCL fibroblasts resulted in a certain difference in the healing abilities of injured
ACLs and MCLs [9]. From the above results, we speculated that the expression levels of
LOXs and MMPs in SFs may also be regulated by TGF-β1, but this conjecture is yet to
be confirmed. Therefore, an equibiaxial stretch chamber was used to study the in vitro
effects of TGF-β1 on the expression levels of LOXs and MMPs in SFs under mechanical
stimulation and verify the above-mentioned hypothesis. Previous studies showed that
NF-κB-pathway inhibitors Bay11-7082 and Bay11-7085 could suppress MMP-2 activity in
ACLs and had a therapeutic effect on injured ACLs. We also studied the inhibiting effects of
Bay11-7082 and Bay11-7085 on the expression and activity of MMP-2 in SFs under injurious
stretch and TGF-β1 treatment.
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2. Materials and Methods
2.1. Cell Culture

The human synovium used for this study was obtained according to ethical principles.
Normal human SFs were obtained from the donor tissues of 2 males and 2 females

(age = 30–60 years) who underwent limb amputation at First Affiliated Hospital of Chongqing
Medical University, Chongqing, China. The synovium of donors who had long-term knee
joint pathological changes or metabolic syndromes were excluded from the present study.
The donor ligament tissue was obtained from patients after surgery. The SFs used for this
study were harvested according to a previous procedure [18].

2.2. TGF-β1 Treatment

SFs (from passage 3 to passage 5) at the density of 5 × 105 cells per 25 cm2 flasks
(Corning Inc., Corning, NY, USA) were seeded and equilibrated for 48 h. Then, SFs were
starved for 16 h with 2% FBS high-glucose DMEM before adding TGF-β1 (PeproTech,
Rocky Hill, NJ, USA). The medium was replaced with fresh 1% FBS high-glucose DMEM
containing TGF-β1 (1, 5, 10, and 20 ng/mL) incubated for 3 h, and RT-PCR was performed
on the collected samples. Then, 5 ng/mL TGF-β1 was chosen for further time-process
experiments. Cell lysis samples from SFs were collected at 0, 1, 2, 3, and 6 h for detecting
the levels of LOXs and MMPs using RT-PCR.

2.3. Mechanical Injury

SFs at the density of 5 × 105 cells per chamber were seeded on a silicone membrane in
an equibiaxial stretch chamber and equilibrated for 48 h. Then, SFs were starved for 16 h
with 2% FBS high-glucose DMEM. Immediately before stretching, the culture medium was
replaced with fresh 1% FBS high-glucose DMEM. SFs were subjected to injurious (12%)
and control (0%) stretch conditions. Then, 1000 µL of cell lysis samples was collected for
gene expression at 0, 1, 2, 3, and 6 h. Samples of 600 µL of culture medium were collected
for zymography analyses at 24, 48, and 72 h.

2.4. Signaling-Pathway-Inhibitor Treatment

SFs at the density of 5 × 105 cells per chamber were seeded in stretch chambers and
equilibrated for 48 h. Then, SFs were starved for 16 h with 2% FBS high-glucose DMEM.
The medium was replaced with fresh 1% FBS high-glucose DMEM containing 5 ng/mL
TGF-β1 (PeproTech, Rocky Hill, NJ, USA) and NF-κB inhibitors (5 µM Bay11-7082 and
5 µM Bay11-7085; Calbiochem, San Diego, CA, USA) before mechanical injury. Samples of
600 µL of culture medium were collected for zymography analyses at 24, 48, and 72 h.

2.5. Real-Time Quantitative PCR

RNA samples were isolated from SFs using Rneasy Plus Mini Kit (Qiagen, Hilden,
NRW, Germany). Isolated RNA was quantified through measuring the absorbance at
260 nm with a spectrophotometer (Bio-Rad Laboratories Inc., Hercules, CA, USA), and
a volume of 20 µL of cDNA was prepared from 1 µg of RNA in accordance with the
instructions of the reverse-transcription kit (Mbi). Real-time PCR was performed using a
Quanti-Tect SYBR Green PCR kit (Qiagen, Hilden, NRW, German) and iCycler (Bio-Rad
Laboratories Inc., Hercules, CA, USA). Selected sequences of primers are shown in Table 1.

2.6. Zymography

MMP-2 activity was determined using 0.05% gelatin zymography. Cell-culture-
medium samples of 600 µL in volume were collected at 24, 48, and 72 h hours and put
into centrifuge tubes; then, they were centrifuged at 12,000 rpm at 4 ◦C for 10 min to
remove dead cells and other impurities. Equal amounts of total protein from different
samples were separated in 10% SDS-PAGE gel copolymerized with 0.05% gelatin. After
electrophoresis, gels were washed thrice for 1.5 h in 2.5% Triton X-100 at room temperature
to regain enzyme activity. Washed gels were immersed in proteolysis buffer and incubated
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at 37 ◦C for 15 h. Then, gels were rinsed in a 2.5% Triton X-100 solution and stained at room
temperature with Coomassie blue for 1 h on a rotator. Gels were destained until white
bands clearly appeared.

Table 1. Primers used in real-time RT-PCR.

Gene Forward Primer (5′-3′) Reverse Primer (5′-3′)

GAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA
LOX GCATACAGGGCAGATGTCAGA TTGGCATCAAGCAGGTCATAG

LOXL-1 TGCCACCAGCATTACCACAG GAGGTTGCCGAAGTCACAGG
LOXL-2 CTGCAAGTTCAATGCCGAGT TCTCCACCAGCACCTCCACTC
LOXL-3 CAACAGGAGGTTTGAACGCTAC GCTGACATGGGTTTCTTGGTAA
LOXL-4 TTCACCCACTACGACCTCCTCA CAGCAGCCTACAGTCACTCCCT
MMP-1 GGCTGAAAGTGACTGGGAAACC TGCTCTTGGCAAATCTGGCGTG
MMP-2 ACCGGGATAAGAAGTATGGATT GTCATCATCGTAGTTGGTTGTG
MMP-3 GACAAAGGATACAACAGGGAC TGAGTGAGTGATAGAGTGGG

2.7. Statistical Analysis

Data were expressed as means ± SDs. Statistical analyses were performed using
one-way analyses of variance (ANOVAs). The Fisher LSD was used for post hoc analyses.
The critical significance level was set at p < 0.05.

3. Results
3.1. Effects of Different Concentrations of TGF-β1 on Gene Levels of LOX and MMP Families in
Normal SFs

The control group did not receive TGF-β1. TGF-β1 at all concentrations (1, 5, 10, and
20 ng/mL) upregulated the LOX gene levels. The expression levels of LOX mRNA and
LOXL-1 mRNA in SFs treated with 10 ng/mL TGF-β1 reached maximum values (3.05- and
1.43-fold). Under the influence of 5 ng/mL TGF-β1, the expression of LOXL-2 reached the
maximum value (1.53-fold) and the expression level of LOXL-3 decreased in a concentration-
dependent manner, with a 1.98-fold reduction at the highest concentration (20 ng/mL). By
contrast, the gene level of LOXL-4 increased in a concentration-dependent manner, with a
2.02-fold enhancement at the highest TGF-β1 concentration (20 ng/mL; Figure 1a).

TGF-β1 at all concentrations (1, 5, 10, and 20 ng/mL) also promoted the gene levels of
MMP-1, -2, and -3. The gene expression of MMP-1 increased in a concentration-dependent
manner, with a 2.44-fold enhancement at the highest TGF-β1 concentration (20 ng/mL).
The expression level of MMP-2 showed a downward trend with the increase in TGF-β1
concentration from 1 ng/mL to 10 ng/mL but remained superior to the control values and
was 1.25, 1.17, and 1.1 times, respectively, that of the untreated control cells; then, it continued
to increase to 1.21 times that of the control at the highest TGF-β1 concentration (20 ng/mL).
Although the gene level of MMP-3 in SFs showed a downward trend in response to the
increase in TGF-β1 concentration, it still exceeded the level of the control group (Figure 1b).
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Figure 1. Effects of TGF-β1 at different concentrations on the gene levels of the LOX and the MMP
families in normal human SFs. (a) LOX-family expression levels. (b) MMP-family expression levels.
The data are the means of three different experiments (n = 3). Statistical analyses were performed
using ANOVAs. * Significant difference with respect to the control (p < 0.05).

3.2. Time Process of TGF-β1-Induced Expression Levels of LOXs, MMP-1, -2, and -3 in Normal SFs

The control group referred to 0 h. TGF-β1 at 5 ng/mL upregulated the LOX expression
levels in normal SFs. The expression of LOX mRNA, LOXL-1 mRNA, and LOXL-4 mRNA
showed maximum levels (3.05-, 1.43-, and 1.96-fold, respectively) at 3 h. The expression
levels of LOXL-2 mRNA and LOXL-3 mRNA in SFs induced by 5 ng/mL TGF-β1 increased
in a time-dependent manner (i.e., 1.45- and 2.29-fold) at 6 h (Figure 2a). Similar to LOXs,
the gene levels of MMP-1, -2, and -3 were upregulated by 5 ng/mL TGF-β1. The gene level
of MMP-1 induced by 5 ng/mL TGF-β1 was upregulated in a time-dependent manner and
reached the highest level at 3 h (2.21-fold); then, it progressively decreased but remained
superior to the control values. The gene level of MMP-2 was inhibited by 5 ng/mL TGF-β1
at 1 h; however, it was increased at 2, 3, and 6 h in a time-dependent manner, reaching
the highest level at 6 h (1.37-fold). Compared with the control group, the gene level of
MMP-3 was increased at each selected time point in SFs treated with 5 ng/mL TGF-β1 in a
time-dependent manner, reaching a maximum at 6 h (2.24-fold) (Figure 2b).
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3.3. Time Course of TGF-β1-Induced Expression Levels of LOXs, MMP-1, -2, and -3 in Injured SFs

Injurious stretch (12%) was exerted on SFs using an equibiaxial stretch chamber and
5 ng/mL TGF-β1 to simulate the real microenvironment of the synovial cavity after ACL
injury. The effects of TGF-β1 on the levels of mRNAs for LOXs, MMP-1, -2, and -3 in
damaged human SFs were observed. The control group referred to 0 h. Compared with
the control, injurious stretch downregulated the gene levels of LOXs except LOXL-2 in
SFs. In the presence of TGF-β1, the injurious-stretch-induced upregulation of LOXs except
LOXL-1 at 1, 2, and 3 h was significantly inhibited and further decreased after 6 h but
remained superior to the control values (Figure 3). The expression levels of MMP-1, -2, and
-3 mRNAs were significantly upregulated after injurious stretch. When injurious stretch
was exerted on SFs together with TGF-β1, a promoting effect on the gene levels of MMP-1,
-2, and -3 at all time points remained, compared with control values (Figure 4).
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Processes 2022, 10, 1574 8 of 13

3.4. Effects of NF-κB-Pathway Inhibitors on Injurious Stretch and TGF-1-Induced MMP-2
Expression and Activity in SFs

In this experiment, NF-κB-pathway inhibitors Bay11-7082 and Bay11-7085 were added
to the joint-cavity microenvironment simulated in vitro (injurious stretch and TGF-β1).
Injurious stretch and TGF-1-induced MMP-2 activity were inhibited in SFs. The data
showed that NF-κB was involved in the regulation of MMP-2 in SFs using mechanical
factors and TGF-β1 (Figure 5). Based on this, more signaling-pathway inhibitors could
regulate MMP-2 activity, which would provide a theoretical basis for the clinical treatment
of cruciate ligament healing, should be found.

Processes 2022, 10, x FOR PEER REVIEW 9 of 14 

 

 

 
Figure 5. Effects of NF-κB-signaling-pathway inhibitors on MMP-2 activity induced by injurious 
stretch and TGF-β1 in SFs. (a) Zymographic analyses of conditioned medium collected from SFs 
after different treatments for 24, 48, and 72 h. (b) MMP-2 quantification performed using Quantity 
One 4.6.3 software. (c) Indicated quantitative data referring to 72 h time points. The data are the 
means of three different experiments (n = 3). Statistical analyses were performed using ANOVAs. * 
Significant difference with respect to the control (p < 0.05). 

4. Discussion 
Previous research studies point out that during the process of ACL healing, synovi-

al-joint-microenvironment regulation is affected by mechanical and inflammatory fac-
tors. However, whether the regulation of the microenvironment of the joint by the syno-
vium is also affected by growth factors has not yet been studied. Data showed that the 
average concentration of TGF-β1 ranged from 0.75 to 4.95 ng/mL [24,25] in the joint fluid 
of patients with OA. Therefore, 5 ng/mL TGF-β1 was selected in this experiment to study 
the effects of injurious stretch and TGF-β1 on the gene levels of LOXs and MMPs, and 
MMP-2 activity in SFs and simulate the joint-cavity environment after cruciate-ligament 
injury. 

Tissue repair is a complex and strictly regulated process and includes three over-
lapping phases, that is, inflammatory response, fibroblast proliferation, and extracellu-
lar-matrix reconstruction, and many types of cytokines are involved in this process. 
TGF-β1 is the most closely related to tissue repair and has a regulating effect on the pro-
gress of each stage in the repair process [26,27]. After tissue damage, TGF-β1 produced 
by platelet α particles promotes the migration of macrophages and neutrophils to the 
injury site. These inflammatory cells release many cytokines (including TGF-β1) and en-
ter the stage of inflammatory response. During the cell-proliferation phase, exogenous 
fibroblasts migrate into the wound under the stimulation of TGF-β1, simultaneously 
proliferate, and synthesize various extracellular matrices, including collagen, proteogly-
cans, fibronectin, and tendin. During the remodeling process, TGF-β1 inhibits the deg-
radation of the extracellular matrix by reducing protease synthesis and upregulates the 
level of protease inhibitors, thereby promoting the localization of the extracellular matrix. 
The regulatory role of TGF-β1 in various stages of the repair process remarkably pro-
motes wound healing. Thus, some people call TGF-β1 a “trauma hormone” [28]. Many 
studies showed that TGF-β1 could promote wound healing in various animal trauma 
models (such as rabbits, pigs, and mice) [29–31]. 

However, TGF-β1 promotes and inhibits tissue repair. Many studies showed that 
the promotion or the inhibition of TGF-β1 in the tissue repair process depended on the 

Figure 5. Effects of NF-κB-signaling-pathway inhibitors on MMP-2 activity induced by injurious
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4. Discussion

Previous research studies point out that during the process of ACL healing, synovial-
joint-microenvironment regulation is affected by mechanical and inflammatory factors.
However, whether the regulation of the microenvironment of the joint by the synovium
is also affected by growth factors has not yet been studied. Data showed that the average
concentration of TGF-β1 ranged from 0.75 to 4.95 ng/mL [24,25] in the joint fluid of patients
with OA. Therefore, 5 ng/mL TGF-β1 was selected in this experiment to study the effects
of injurious stretch and TGF-β1 on the gene levels of LOXs and MMPs, and MMP-2 activity
in SFs and simulate the joint-cavity environment after cruciate-ligament injury.

Tissue repair is a complex and strictly regulated process and includes three overlapping
phases, that is, inflammatory response, fibroblast proliferation, and extracellular-matrix
reconstruction, and many types of cytokines are involved in this process. TGF-β1 is the
most closely related to tissue repair and has a regulating effect on the progress of each
stage in the repair process [26,27]. After tissue damage, TGF-β1 produced by platelet
α particles promotes the migration of macrophages and neutrophils to the injury site.
These inflammatory cells release many cytokines (including TGF-β1) and enter the stage of
inflammatory response. During the cell-proliferation phase, exogenous fibroblasts migrate
into the wound under the stimulation of TGF-β1, simultaneously proliferate, and synthesize
various extracellular matrices, including collagen, proteoglycans, fibronectin, and tendin.
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During the remodeling process, TGF-β1 inhibits the degradation of the extracellular matrix
by reducing protease synthesis and upregulates the level of protease inhibitors, thereby
promoting the localization of the extracellular matrix. The regulatory role of TGF-β1 in
various stages of the repair process remarkably promotes wound healing. Thus, some
people call TGF-β1 a “trauma hormone” [28]. Many studies showed that TGF-β1 could
promote wound healing in various animal trauma models (such as rabbits, pigs, and
mice) [29–31].

However, TGF-β1 promotes and inhibits tissue repair. Many studies showed that the
promotion or the inhibition of TGF-β1 in the tissue repair process depended on the dose
of TGF-β1. For example, research reported that low-dose TGF-β1 and PDGF promoted
the proliferation of canine ACL fibroblasts in a positive, synergistic manner. However,
the proliferation-promoting effect of PDGF on fibroblasts was inhibited by high-dose
TGF-β1 [32]. In addition, high levels of TGF-β1 also inhibited the proliferation of MCL
fibroblasts, and bFGF- and VEGF-induced angiogenesis [33,34].

Our experimental results found that the gene level of MMP-1 induced by 5 ng/mL
TGF-β1 increased in a time-dependent manner and reached a maximum level at 3 h; then,
it progressively decreased at 6 h but remained superior to the control values. The reason
why TGF-β1 induced a decrease in the MMP-1 gene level in human SFs is still under
study. Current studies on other cells showed that there are three possible reasons: (1) The
promoter regions of many MMP family members contain TGF-β1 inhibitory element (TIE),
which acts as a cis-acting element for TGF-β1 to regulate the gene expression of MMPs. The
TIE sequence is also included in the promoter region of the human MMP-1 gene. Nuclear
proteins from TGF-β1-treated rabbit fibroblasts, including c-Fos, were shown to bind to
this TIE sequence from the MMP-1 promoter region and mediated the repression effect of
TGF-β1 on the MMP-1 level. (2) In human epidermal fibroblasts, TGF-β1 represses MMP-1
expression through Smad3 and Smad4. (3) TGF-β1 inhibits MMP-1 gene expression by
activating the ERK 1 and 2 pathway in A-5 and UT SCC-7 [35,36]. We found that TGF-β1
also promoted the expression of MMP-2 and -3 at all time points (except MMP-2 at 1 h) in
a time-dependent manner in SFs. When injurious stretch and TGF-β1 acted on SFs, the
expression levels of MMP-1, -2, and -3 in SFs were further upregulated. Gelatin zymography
indicated that a combination of injurious stretch and TGF-β1 also exhibited promotion
effects on the induction of MMP-2 activity. The knee synovial cavity is a relatively isolated
space that facilitates the accumulation of MMPs and TGF-β1 in synovial fluid following
ACL injury. The increase in MMP expression and activity destroys the balance between the
synthesis of new tissue and the degradation of necrotic tissue, and this phenomenon is not
conducive to cruciate-ligament healing.

Similarly, TGF-β1 upregulates the gene levels of LOXs in SFs. TGF-β1 promotes
LOXs in other cell types, such as lung fibroblasts [37], gingival cells [38], granulosa–lutein
cells [23], and liver cancer cells [39]. The study observed that the expression of LOXs (except
LOXL-2) in SFs was downregulated after 6 h of injurious stretch. A previous study showed
that LOXL2 expression caused an upregulation of protective genes and reduced the levels
of MMP-1, -3, and -13 mRNAs in the pathophysiology of arthritis in human TMJ, and hip
and knee joints and evaluated its potential to play a protective feedback role in damaged
cartilage in the pathophysiology of arthritis [40]. In view of this, we hypothesized that the
highest upregulation of LOXL2 after injurious stretch was a stress response of cells and that
this emergency response was protective. As to why stretch only upregulated LOXL2 but
not the other members, there is no explanation at present. When TGF-β1 was added, the
gene levels of LOXs except LOXL-1 were upregulated. This behavior of TGF-β1 proved
its role in promoting wound healing. Increased LOXs initiated the formation of covalent
cross-linkages in the ECM (collagen elastin), which enhanced the mechanical properties of
the ECM and thereby reduced the degradation susceptibility of the ECM induced by MMPs.
However, the increased levels of LOXs were lower than those of MMPs; this phenomenon
causes the imbalance in extracellular-matrix synthesis and degradation during remodeling
and eventually leads to failure in cruciate-ligament healing. Therefore, inhibiting the levels
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or activity of MMPs in SFs or promoting the expression of LOXs could be therapeutically
targeted to improve the healing ability of ACLs.

At present, many chemical inhibitors of MMPs (such as cilastaz, rimamstat, doxy-
cycline, ilomastat, and doxycycline) are in use [41]. However, these inhibitors produce
certain side effects, and the clinical effect is not optimistic. Therefore, understanding the
mechanism of the MMP signaling pathway and finally finding the signaling-molecule
inhibitors would provide a strong theoretical basis for clinical drug development.

NF-κB is a nuclear transcription factor consisting of heterodimers p65–p50, which are
widely present in cells. NF-κB can regulate the transcription of more than 150 genes (such
as MMPs, cytokines, adhesion molecules, transcription factors, and growth factors). NF-κB
also regulates some physiological processes (including repair, proliferation, apoptosis,
and development) [42–44]. However, the dysregulation of NF-κB induces asthma, cancer,
rheumatoid arthritis, and neurological disorders [45]. Therefore, NF-κB has gradually
become a therapeutic target for a variety of related diseases. Researchers designed a variety
of NF-κB biological and biochemical inhibitors (such as flavonoids, turmeric, DHEA,
DHMEQ, and Bay11-7082) that can block the signaling pathway that activates NF-κB or
inhibit the binding of NF-κB to gene sequences [46–49].

Tang et al. [50] found that NF-κB signaling molecules mediated the effects of damaging
mechanical factors on the level and activity of MMP-2 in ACL fibroblasts. Based on
this finding, Wang et al. [51] stimulated ACL fibroblasts by adding Bay11-7082, a NF-
κB-signaling inhibitor, under simulated conditions of the joint-cavity microenvironment
in vitro and found that MMP-2 activity in the cells was reduced. The data suggest that
NF-κB is a major pathway that regulates the production of MMP-2 in ACL fibroblasts.
However, whether NF-κB signaling is associated with the expression of MMP-2 in SFs
under the conditions of the articular-cavity microenvironment simulated in vitro is unclear.
The experimental results showed that under the simulated conditions of the joint-cavity
microenvironment in vitro, the inhibitors of NF-κB signaling pathways, i.e., Bay11-7082
and Bay11-7085, significantly reduced MMP-2 activity. These results indicated that NF-κB
mediated the regulation of MMP-2 production and activity in SFs subjected to stretch
loading and TGF-β1 and provide a theoretical reference for improving the repair of ACLs.

The experiment does not represent the actual physiological environment after cruciate-
ligament injury. Among the microenvironmental factors, as well as inflammatory factors
and growth factors, hypoxia, which is another microenvironmental factor, also needs to
be considered after ACL injury and has important significance for the study of ligament
healing. The synovium located in the inner layer of the joint capsule is a connective-tissue
membrane that contains highly abundant blood vessels. The main blood supply and tissue
as well as joint homeostasis nourishment are maintained by the synovium. The synovium
surrounds the ACL, so the injury of cruciate ligaments is bound to be accompanied by the
damage of the synovium, which leads to a hypoxic microenvironment [52,53]. Previous
studies reported that hypoxia promoted the secretion and activity of MMP-2 in ACL
fibroblasts [53]. Therefore, as a microenvironmental factor, hypoxia may also regulate the
expression of LOXs and MMPs, and MMP-2 activity in SFs.

5. Conclusions

In summary, the findings of this paper are that the changes in the expression of LOXs
and MMPs or the changes in the microenvironment of the knee joint space are important
causes of ACL healing failure and that SFs participate in the healing process of the ACL as
microenvironment regulators. Therefore, improving the microenvironment of the synovial
cavity after ACL injury through regulating LOXs and MMPs in SFs could have important
significance for ACL repair. In addition, NF-κB signaling molecules mediate the regulation
of MMP-2 in SFs via mechanical growth factors. This study can provide a strong theoretical
foundation for the clinical treatment of the ACL in the future.
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