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Lentivirus-induced knockdown of LRP1 induces
osteoarthritic-like effects and increases susceptibility to
apoptosis in chondrocytes via the nuclear factor-kB pathway
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Abstract. Low-density lipoprotein receptor-related protein 1
(LRPI) is known to regulate cell survival and inflammation.
The present study investigated the involvement of LRP1 in the
regulation of tumor necrosis factor (TNF)-a-induced expres-
sion of matrix metalloproteinase (MMP)-13. Furthermore, the
study aimed to elucidate the mechanisms underlying the effects
of LRP1 on TNF-a-induced inflammation and apoptosis of
chondrocytes. Lentivirus-mediated RNA interference tech-
niques were used to knockdown the LRP1 gene. Subsequently,
the effects of LRP1 on TNF-a-induced MMP-13 expression
were determined using quantitative polymerase chain reac-
tion, western blot analysis and ELISA. Furthermore, the
TNF-a-induced intracellular pathway was investigated using
a nuclear factor (NF)-«B inhibitor (Bay 11-7082). In addi-
tion, the effect of LRP1 regulation on growth and apoptosis
in chondrocytes was investigated using western blot analysis
and a TUNEL assay. LRP1 knockdown was shown to increase
TNF-a-induced MMP-13 expression via the activation of
the NF-kB (p65) pathway, which reduced the expression of
collagen type II and cell viability. In addition, LRP1 inhibited
cell apoptosis by increasing the expression of phospho-Akt
and B-cell lymphoma 2 (Bcl-2), while suppressing the expres-
sion of caspase-3 and Bcl-2-associated X protein. The results
of the present study indicated that LRP1 was able to inhibit
TNF-a-induced apoptosis and inflammation in chondrocytes.
Therefore, LRP1 may be an effective osteoarthritis inhibitor,
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potentially providing a novel approach for antiarthritic thera-
peutics.

Introduction

Osteoarthritis (OA) refers to a group of degenerative joint
diseases, which may be initiated by joint injuries, obesity, gene
mutations and aging. Cartilage extracellular matrix (ECM)
is maintained by chondrocytes, which synthesize aggrecan
and collagen, providing mechanical strength and flexibility to
joints. Osteoarthritic chondrocytes exhibit an altered metabo-
lism and an imbalance between anabolic growth factors and
proinflammatory cytokines, including tumor necrosis factor
(TNF)-a and interleukin (IL)-1, which are produced by
inflammatory cells, synovial fibroblasts and chondrocytes.
Chondrocytes are a distinct cell type that are targets for proin-
flammatory cytokines during the pathogenesis of OA. These
cytokines induce the expression of matrix metalloproteinases
(MMPs), which subsequently cleave various components of
the ECM (1-4). However, the mechanisms by which TNF-a
increases the expression of MMP-13 in chondrocytes are yet
to be fully elucidated.

Previous studies have indicated that low-density lipoprotein
receptor-related protein 1 (LRP1) may regulate cell survival (5)
and inflammation (6). LRP1 is hypothesized to regulate lipid
homeostasis, extracellular proteolysis, growth factor activity,
the composition of the ECM and immune responses (7). A
significant number of these LRP1 functions are considered to
be associated with endocytosis and cellular signal transduction
pathways (8.,9). Overton et al (10) proposed that the activity of
LRP1 in atherosclerosis may be associated with its ability to
suppress local inflammation. Furthermore, LRP1 suppresses
the expression of inflammatory mediators indirectly via
the regulation of TNF receptor 1 (TNFR1)-dependent cell
signaling through the IkB kinase nuclear factor (IKK-NF)-xB
pathway (11). Similarly, Gaultier ez al (12) reported that LRP1
may inhibit inflammation in cases of peripheral nerve injury.

However, the mechanisms by which LRP1 regulates
inflammation and apoptosis in chondrocytes remain unclear.
In the present study, it was hypothesized that LRP1 protected
chondrocytes against apoptosis and TNF-a-induced inflam-
mation. Therefore, the aim of the present study was to define
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the role of LRP1 in TNF-a-induced apoptosis and inflamma-
tion of articular chondrocytes in vitro. Thus, the mechanisms
may identify a novel target for attenuating catabolic TNF-a
activity in cartilage tissue.

Materials and methods

Antibodies and reagents. Rabbit monoclonal antibodies
targeting LRP1 (#2703-1; 1:1,000) were obtained from
Epitomics, Inc. (Burlingame, CA, USA), while monoclonal
rabbit antibodies against glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH; #2118; 1:1,000), phosphorylated NF-kB
subunit p65/RelA (#3033; 1:1,000) and mouse monoclonal
antibodies against IkB (#4814; 1:1,000) and were purchased
from Cell Signaling Technology, Inc. (Danvers, MA, USA). In
addition, rabbit polyclonal antibodies targeting Akt (#BS2987;
1:700), phospho (p)-Akt #BS4009; 1:600), B-cell lymphoma 2
(Bcl-2; #BS1511; 1:600), Bcel-2-associated X protein (Bax;
#BS1030; 1:600) and caspase-3 (#BS1518; 1:700) were
purchased from Bioworld Technology, Inc. (St. Louis Park,
MN, USA), and rabbit polyclonal antibodies against MMP-13
(#sc-30073; 1:600) and nitric oxide synthase (iNOS; #sc-67003;
1:600) were purchased from Santa Cruz Biotechnology, Inc.
(Dallas, TX, USA). Dulbecco's modified Eagle's medium
(DMEM)/F-12 nutrient mixture and fetal bovine serum (FBS)
were purchased from Gibco Life Technologies (Carlsbad,
CA, USA). Horseradish peroxidase (HRP)-conjugated
anti-rabbit IgG and anti-goat IgG secondary antibodies were
purchased from Wuhan Boster Biological Technology, Ltd.
(Wuhan, China). Recombinant rat TNF-a was purchased from
PeproTech, Inc. (Rocky Hill, NJ, USA). An NF-«kB inhibitor
(Bay 11-7082) was purchased from the Beyotime Institute of
Biotechnology (Haimen, China). This study was approved by
the Ethics Committee of Wuhan University (Wuhan, China).

Cell lines. Primary chondrocytes were isolated from the
knee joint of rats (age, 7 days) using a sequential proteinase
and collagenase digestion technique (13), and the cells
released by enzymatic digestion were cultured to a density
of 3.0x10 cells/ml in DMEM/Ham's F-12 media (1:1) supple-
mented with 10% FBS (complete media). The cells were
cultured at 37°C in humidified air with 5% CO,. The cells
were maintained at 20-80% confluency, and cells between
passages 2 and 3 were used for the following experiments.
Subsequently, the cells were plated onto a six-well plate at a
density of 2.0x10° cells/ml. The chondrocytes were starved
in DMEM overnight, after which pretreatment with the
Bay 11-7082 NF-«B inhibitor (10 uM) was conducted 30 min
prior to the addition of TNF-a. With regard to the signaling
experiments, chondrocytes were treated with TNF-a
(30 ng/ml) for 30 min. For the quantitative polymerase chain
reaction (QPCR) experiments, the cells were treated with
TNF-a (30 ng/ml) for 12 h.

Construction of a lentiviral vector expressing LRPI-targeting
small hairpin (sh)RNA. Knockdown of LRPI1 expression in
the chondrocytes was achieved using a lentivirus vector
expressing a rat LRP1-targeting sShRNA (shLRPI; Genechem,
Shanghai, China), according to the manufacturer's instruc-
tions. The target nucleotide sequence of the oligoduplexes

was as follows: 5'-GCAUUGGCGUGCAGCUUAAUU-3"
A non-targeting control (NTC) oligoduplex was used as a
negative control. At a multiplicity of infection of 20:1 for
12 h after transfection, the medium was exchanged for fresh
medium, and the cells were cultured for a further 48-72 h.
mRNA was harvested after 48 h and protein was harvested
after 72 h. The effects of LRP1 knockdown on the expression
of various indices were determined using qPCR and western
blot analysis.

Western blot analysis. Protein was extracted from stably
transfected cells using a radioimmunoprecipitation assay lysis
buffer (Beyotime Institute of Biotechnology), according to the
manufacturer's instructions. The protein concentration was
measured using abicinchoninic acid protein assay kit (Beyotime
Institute of Biotechnology), after which 30 ug protein per lane
was loaded onto a 10% SDS-PAGE gel. Proteins were trans-
ferred to a polyvinylidene difluoride membrane, and blocked
with 5% non-fat dry milk in Tris-buffered saline and Tween 20
(TBST). The membranes were incubated with the primary
antibodies overnight at 4°C, and subsequently washed three
times with TBST. Next, the membranes were incubated with
the HRP-conjugated secondary antibodies (1:5,000) in TBST
for 2 h at room temperature. After washing with TBST buffer,
the western blots were visualized using an enhanced chemilu-
minescence system (Thermo Fisher Scientific, Waltham, MA,
USA), and exposed to Kodak X-ray film (Kodak, Rochester,
NY, USA).

Reverse transcription (RT)-gPCR. Total RNA was extracted
using TRIzol reagent (Invitrogen Life Technologies, Carlsbad,
CA, USA), according to the manufacturer's instructions.
First-strand cDNA synthesis was conducted using an RT-PCR
kit (Takara Biotechnology Co., Ltd., Dalian, China), according
to the manufacturer's instructions. Target gene mRNA expres-
sion levels were determined using a SYBR Premix Ex Taq
(Takara Biotechnology Co., Ltd.) qPCR system, with the
following protocol: Denaturation for 10 sec at 95°C, followed
by 40 cycles of 15 sec at 95°C and 60 sec at 60°C. Forward and
reverse primer sequences are presented in Table I. GAPDH
from the same sample was used as the internal control, and the
relative contents of the copy numbers of the target gene mRNA
were calculated. The qPCR experiments were conducted inde-
pendently and in triplicate.

Determination of the levels of MMP-13 and collagen
type Il a 1 (COL2A1I) using ELISA. Control and shLRP1
chondrocytes were pretreated with Bay 11-7082 (10 yM) for
2 h and incubated with or without TNF-a (30 ng/ml) for a
further 24 h. The effect of TNF-a on the expression levels
of MMP-13 and COL2A1 secreted by the chondrocytes in
the culture medium was assessed using a rat MMP-13 and
COL2A1 ELISA kit (Wuhan Elabscience Biotechnology Co.,
Ltd., Wuhan, China), according to the manufacturer's instruc-
tions.

TUNEL assay. Control and shLRP1 chondrocytes were incu-
bated with or without TNF-a (30 ng/ml) for 24 h. Apoptotic
cells were detected using a TUNEL assay (Roche Diagnostics,
Basel, Switzerland), according to the manufacturer's instruc-
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Table I. Oligonucleotide primers used for quantitative polymerase chain reaction analysis.

Primer sequence

Gene Accession number
GAPDH
Forward NC_005103.3 ACAGCAACAGGGTGGTGGAC
Reverse TTTGAGGGTGCAGCGAACTT
LRP1
Forward NM_001130490 GACTAACCCCTGTGACCGCAA
Reverse GGTGCCATTGTCCAGCCTCTT
TNFR1
Forward NC_005103.3 TCAAAGAGGTGGAGGGTGAAGGA
Reverse AGACAGGATGACTGAAGCGTGGG
iNOS
Forward NC_005109.3 AAAATGGTTTCCCCCAGTTC
Reverse GCTTGTCTCTGGGTCCTCTG

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; LRP1, low-density lipoprotein receptor-related protein 1; TNFR1, tumor necrosis factor
receptor 1; iNOS, nitric oxide synthase.

A control ~ NTC  shLRP1

LRP1 - -_— 4440

GAPDH WP T

B . C 204
T — *
@ I
E — ] >
3 1.0 | | o __ 15 i
33 <5
<2 | £5
2B &=
nE: ] £ 6 104
o -
é 3 08 * x o
WL —
= | I =
| g = 054
0.0 T T T 0.0 T T T
control NTC shLRP1 control NTC shLRP1

Figure 1. (A) Representative western blot used to measure the protein expression level of LRP1 at 72 h after transfection with a lentivirus vector expressing
shRNA targeting LRP1. (B) mRNA expression levels of LRP-1 were analyzed using quantitative polymerase chain reaction (qQPCR) at 48 h after shLRP1
tranfection. (C) mRNA expression levels of TNFR1 were analyzed by qPCR at 72 h after transfection. Values are represented as the mean + standard deviation.
“P<0.05, vs. control and NTC groups. NTC, non-targeting control; shLRP1, small hairpin RNA targeting low-density lipoprotein receptor-related protein 1;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; TNFR1, tumor necrosis factor receptor 1.

group using a fluorescence microscope (Nikon Corporation,
Tokyo, Japan).

tions. Briefly, the cells were fixed in 4% paraformaldehyde
solution at 4°C for 1 h and washed three times with fresh
phosphate-buffered saline (PBS). The slides were incu-
bated with 50 pl terminal deoxynucleotidyl transferase
and TUNEL Reaction mixture for 1 h at 37°C in the dark.
2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride

Statistical analysis. Statistical evaluations were conducted
using SPSS software (SPSS, Inc., Chicago, IL, USA). Data are
presented as the mean + standard deviation. The statistical

(Beyotime Institute of Biotechnology) solution was added
to stain cell nucleus for 5 min. After washing with PBS for
5 times with 3 min interval, slides were covered with anti-fade
mounting medium. Three fields were obtained from each

significance between the differences in the mean values was
assessed using one-way analysis of variance, where P<0.05
was considered to indicate a statistically significant differ-
ence.
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Figure 2. Effects of LRP1 on the TNF-a-induced IkB kinase-nuclear factor-kB signaling pathway in chondrocytes. Equal quantities of cell extract were sub-
jected to western blot analysis for IxkB and NF-xB subunit p65/RelA. Control and shLRP1 chondrocytes were starved in Dulbecco's modified Eagle's medium
overnight, and treated with a NF-xB inhibitor (Bay 11-7082; 10 xM) for 30 min (A) without TNF-a stimulation and (B) followed by stimulation with TNF-a
(30 ng/ml) for 30 min. (C and D) mRNA and (E) protein expression levels of iNOS were assessed using quantitative polymerase chain reaction and western blot
analysis, respectively. “P<0.01 and ““P<0.001. shLRP1, small hairpin RNA targeting low-density lipoprotein receptor-related protein 1; TNF, tumor necrosis
factor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; iNOS, nitric oxide synthase.

Results

Effect of LRPI knockdown on the chondrocytes. In order to
knockdown LRP1 expression, RNA interference technology
was used to transfect the chondrocytes with a lentivirus
vector expressing an LRP1-targeting shRNA. The transfec-
tion efficiency was ~80%, as determined by fluorescence
microscopy. Thus, the expression levels of LRP1 protein and
mRNA were substantially knocked down to 70% of the control
(control, 1.020+0.01826; NTC, 0.9875+0.02175; shLRP1,
0.3125+0.0175; Fig. 1A and B). Furthermore, the cell-surface
mRNA expression levels of TNFR1 were measured using
gPCR, and the TNFR1 mRNA expression levels were deter-
mined to be higher in the shLRP1 cells when compared with
the control cells (control, 1.010+£0.01958; NTC, 1.003+0.01931;
shLRP1, 1.560+0.057; Fig. 1C). These results indicated that
the mRNA knockdown was specific for LRP1.

IKK-NF-xB pathway is activated by LRPI knockdown in
chondrocytes. NF-kB is a key mediator of TNF-a signal trans-
duction in chondrocytes (4). Therefore, the effect of LRP1 on

TNF-a-induced NF-kB activation and IkB phosphorylation
was evaluated in chondrocytes using western blot analysis. IkB
binds NF-«kB, retaining it in the cytoplasm. Phosphorylation
of IxB promotes IkB the degradation and release of activated
NF-«xB. In order to evaluate the role of the IKK-NF-xB
signaling pathway in mediating inflammation, the basal condi-
tion of the IKK-NF-«kB pathway was determined by treating the
chondrocytes with an NF-kB-specific inhibitor (Bay 11-7082)
for 30 min, with no exogenous stimulants. No statistically
significant differences were observed between the control and
shLRP1 groups with regard to the basal levels of the phosphory-
lated NF-kB subunit p65/RelA and IkB protein (Fig. 2A). Next,
the activity of the IKK-NF-kB pathway was analyzed in chon-
drocytes treated with Bay 11-7082 for 30 min prior to TNF-a
stimulation. Protein expression of phosphorylated p65/RelA was
observed in the control and LRP1-knockdown cells exposed to
TNF-a, although increased levels of the phosphorylated NF-xB
subunit p65/RelA were observed and IkB was undetectable in
the shLLRP1 cells. Furthermore, Bay 11-7082 was demonstrated
to inhibit the upregulation of phosphorylated p65/RelA in the
shLRPI1 chondrocytes treated with TNF-a. (Fig. 2B).
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Figure 3. Effects of LRP1 on TNF-a-induced protein expression of MMP-13 in the various chondrocyte types. Chondrocytes were pretreated with or without
Bay 11-7082 (10 uM) for 2 h, followed by stimulation with or without TNF-a (30 ng/ml) for 24 h. (A) Western blot analysis was used to determine the protein
expression levels. ELISA analysis showing the (B) MMP-13 and (C) COL2A1 concentration in the culture media. “P<0.01 and ““P<0.001. shLRP1, small
hairpin RNA targeting low-density lipoprotein receptor-related protein 1; TNF, tumor necrosis factor; MMP, matrix metalloproteinase; GAPDH, glyceralde-

hyde 3-phosphate dehydrogenase.

Knockdown of LRPI increases TNF-a-induced expression of
iNOS. Experiments were conducted to determine whether the
knockdown of LRP1 promoted the enhanced transcription of
iNOS, as a result of NF-xB activation. The results revealed
that the mRNA expression levels of iNOS were elevated in
the shLRP1 chondrocytes treated with TNF-a, as compared
with the control cells. Furthermore, the mRNA and protein
expression levels of iNOS were significantly reduced in the
Bay 11-7082-pretreated shLRP1 chondrocytes exposed to
TNF-a (shLRP1 + TNF-a, 2.29+0.12; control + TNF-a,
1.737+£0.03; shLRP1 + TNF-a + Bay 11-7082, 1.67+0.084;
Fig. 2C-E), providing evidence for the activation of NF-xB in
the LRP1 knockdown cells.

Knockdown of LRPI increases TNF-a-induced MMP-13
expression by activating the NF-kB pathway. The IKK-NF-xB
pathway is one of a number of key TNF-a signal transducers in
chondrocytes, and the signaling pathway reportedly regulates
the transcription of MMP-13 (4). Therefore, the effects of LRP1
on TNF-a-induced MMP-13 expression were investigated. In
the absence of exogenous stimulants, no statistically signifi-
cant alterations were observed in the base protein expression
levels of MMP-13 between the control and shLRP1 groups.
However, MMP-13 expression was substantially increased in
the shLRP1 chondrocytes stimulated with TNF-a (Fig. 3A).
ELISA analysis was used to determine the MMP-13 expres-
sion levels in the chondrocyte culture medium. As shown in
Fig. 3B, the extracellular levels of MMP-13 were increased
in the TNF-a-induced shLRP1 chondrocyte medium.
Furthermore, the results indicated that the levels of MMP-13
were significantly reduced in the Bay 11-7082-pretreated
shLRP1 cells that were exposed to TNF-a (control, 1.125+0.54;

shLRPI1 + TNF-a,2.675+0.088; control + TNF-a, 1.533+0.059;
shLRP1 + TNF-a + Bay 11-7082, 1.221+0.05). In addition,
extracellular levels of COL2A1 were significantly downregu-
lated in the TNF-a-induced shLRPI chondrocytes (control,
145.8+6.85; shLRP1 + TNF-a, 57.44+4.12; control + TNF-a,
94.26+3.754; shLRP1 + TNF-a + Bay 11-7082, 89.01+3.1;
Fig. 3C), which was reversed with Bay 11-7082 pretreatment.
These results indicated that LRP1 inhibited TNF-a-induced
MMP-13 expression and indirectly upregulated the extracel-
lular levels of COL2A1 via the inhibition of NF-kB.

Knockdown LRPI chondrocytes are sensitive to
TNF-a-induced apoptosis due to the upregulation of Bax
and caspase-3 and the inhibition of p-Akt and Bcl-2. Since
LRP1 was demonstrated to markedly affect TNF-a-induced
inflammation, the effects of LRP1 on apoptosis were investi-
gated by analyzing the levels of Akt, Bcl-2, Bax and caspase-3
using western blot analysis and a TUNEL assay. Activation
of Akt and Bcl-2 has been previously associated with the
inhibition of the apoptotic cleavage of caspase-3 (14). To
clarify this mechanism, chondrocytes were cultured in serum
free medium for 12 h and treated with TNF-a or DMEM for
an additional 2 h. The results indicated that TNF-a-induced
shLRPI1 chondrocytes exhibited significantly upregulated
expression levels of caspase-3 (control, 0.1197+0.002;
shLRP1 + TNF-a, 0.294+0.006; control + TNF-a,
0.117+£0.003; shLRP1, 0.224+0.003) and reduced ratios of
p-Akt/Akt (control, 1.5+0.049; shLRP1 + TNF-a, 0.71+0.051;
control + TNF-a, 1.326+0.061; shLRP1, 0.963+0.05; Fig. 4A)
and Bcl-2/Bax (control, 3.145+0.05; shLRP1 + TNF-a,
1.309+0.048; control + TNF-a, 2.745+0.056; shLRP1,
1.574+0.041; Fig. 4B). These results indicated that LRP1
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Figure 4. LRP1 knockdown inhibits TNF-a-induced activation of the phosphoinositide 3-kinase/Akt signaling pathway in chondrocytes. Following starvation
in Dulbecco's modified Eagle's medium overnight, chondrocytes were treated with or without TNF-a (30 ng/ml) for 2 h. Densitometric analyses of the bands
were conducted by computerized laser densitometry and normalized against GAPDH. (A) Protein levels of total Akt, p-Akt and GAPDH were analyzed
using western blot analysis. Values are expressed as the p-Akt/Akt ratio. "P<0.05, “P<0.01 and ""P<0.001. (B) Protein levels of caspase-3, Bcl-2 and Bax were
analyzed using western blot analysis. Values are expressed as the Bcl-2/Bax ratio and the caspase-3/GAPDH ratio. "P<0.05, “P<0.01 and ""P<0.001. p-Akt,
phospho-Akt; TNF, tumor necrosis factor; shLRP1, short hairpin RNA targeting low-density lipoprotein receptor-related protein 1; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein.

knockdown enhanced Bax and caspase-3 expression, while
reducing Bcl-2 expression, which may serve an antiapoptotic
function in chondrocytes.

To further confirm the antiapoptotic effect of LRP1
knockdown in vitro, control and shLRP1 chondrocytes were
starved in DMEM overnight, after which the cells were treated
with TNF-a (30 ng/ml) or DMEM for 24 h. The percentage
of TUNEL-positive cells was subsequently determined
microscopically. As shown in Fig. 5A and B, the proportion
of apoptotic cells increased significantly in the shLRP1 chon-
drocytes (control, 3+0.96%; shLRP1 + TNF-a, 35.11+4.53%;
control + TNF-a., 6.55+0.96%; shLLRP1, 21.25+2.01%).

Discussion

Low-density lipoprotein receptor-related protein 1 (LRP1)
is a member of the well-studied family of endocytic recep-
tors, which are larger than other members of the low-density
lipoprotein receptor gene family, but structurally similar (7).
LRP1 participates in the recognition and endocytosis of lipo-
proteins, in addition to recognizing a variety of non-lipoprotein
ligands, including urokinase and tissue plasminogen activator,
to participate in a range of physiological processes (15). As a
function of endocytosis, LRP1 regulates the levels of certain
matrix metalloproteinase (MMP) family members. For
example, LRP regulates the catabolism and internalization of
MMP-13 via a specific collagenase-3 receptor that functions as
a primary binding site on cells (16).

As akey mediator of inflammatory signaling pathways (17),
LRP1 is able to affect TNF-a-induced inflammation. The
results of the present study indicate that LRP1 regulates the
expression of MMP-13 via the IKK/NF-kB pathway, which
provides a mechanistic explanation for the anti-inflammatory
activity of LRPI.

In order to further investigate the role of LRP1 in chondro-
cytes, cells were transfected with lentivirus vectors expressing
LRPI-targeting shRNA, and treatment with shLRP1 was
observed to markedly reduce the levels of LRP1 expression.
In addition, this treatment increased the base levels of TNFR1
in the absence of exogenous stimulants (Fig. 2B), which was
consistent with the results of a previous study (11). TNF-a, a
key proinflammatory cytokine whose levels are increased in
the synovial fluid of patients with arthritis, has been shown to
induce the expression of MMP-13 (4,18).

The results of the present study indicate that the levels
of phosphorylated NF-xB p65 increase in LRP1-knockdown
chondrocytes in response to TNF-a, which is also accompa-
nied with increased expression of iNOS and MMP-13. This
proposed IKK-NF-«B pathway mechanism is further supported
by the attenuation of TNF-a induction in chondrocytes by the
application of NF-«B inhibitors, such as Bay 11-7082, which
prevents the phosphorylation of the NF-«kB inhibitor, IkB (4).
Nitric oxide (NO) is known to be a crucial inflammatory medi-
ator in the pathogenesis of OA (19). OA cartilage generates a
large quantity of NO, high levels of which have been detected
in the synovial fluid and serum of patients with OA (20).
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Figure 5. (A) Apoptosis of the chondrocytes was analyzed using a TUNEL assay. TNF-a was shown to induce apoptosis and DNA fragmentation in fluores-
cence micrographs of the rat chondrocytes in vitro (magnification, x200). Chondrocytes were treated with TNF-a (30 ng/ml) or Dulbecco's modified Eagle's
medium for 24 h. Upper panel, representative images of TUNEL staining. Lower panel, representative images showing nuclear staining of DNA (DAPI). LRP1
knockdown increased the apoptosis of chondrocytes. (B) Quantitative analysis of the percentages of TNF-a-induced TUNEL-positive cells. Data are presented
as the mean + standard deviation. "P<0.05, “P<0.01 and ""P<0.001. DAPI, 4',6-diamidino-2-phenylindole; TNF, tumor necrosis factor; shLRP1, short hairpin

RNA targeting low-density lipoprotein receptor-related protein 1.

Knockdown of LRP1 was observed to increase the
cell-surface levels of TNFRI1. By regulating the cell-surface
levels of TNFR1, LRP1 can control the activity of cell
signaling factors downstream of TNF-a. Knockdown of LRP1
was demonstrated to increase the activation of the IKK-NF-«xB
pathway, stimulated by TNF-a, which was accompanied by
an increase in the protein and mRNA expression levels of
MMP-13. These results demonstrate the partial inhibition of
MMP-13 by Bay 11-7082, indicating that LRP-1 is able to
inhibit the IKK-NF-«kB pathway, which may be involved in
the response of MMP-13 expression to TNF-a. MMP-13 is a
key enzyme involved in cartilage degradation, which is able to
degrade type II collagen.

In chondrocytes, NF-kB signaling pathways predominate
in the regulation of IL-1 and TNF-a-induced gene expression.
Furthermore, NF-kB pathways are involved in the inhibition of

COL2AL expression by the aforementioned cytokines (21-24).
As demonstrated by the ELISA results, extracellular levels
of COL2A1 were significantly downregulated in the shLRP1
chondrocytes treated with TNF-a, which indicated that
LRP1 may indirectly increase the expression of COL2AL.
MMP-13-specific type II collagen cleavage products have been
immunolocalized in OA cartilage (25,26), and an increase
in MMP-13 expression and the suppression of COL2A1 has
been observed in knee joint cartilage exhibiting OA-like
changes (27-29). Thus, the upregulation of MMP-13 expres-
sion may contribute to the enhanced rate of cell apoptosis
observed in LRP1-knockdown chondrocytes. Furthermore,
LRP1 expresses pro-survival factors in a number of cell types,
including macrophages, neurons and cancer cells (30-32).
Consistent with this hypothesis, LRP1 may decelerate OA
progression and inhibit apoptosis in chondrocytes.
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Since various cell types are able to activate the NF-kB
pathway in response to TNF-a via TNFRI1, the activation of
NF-«B not only serves a crucial function in inhibiting apop-
tosis by inducing the upregulation of key antiapoptotic proteins,
such as Bcl-2, Bcl-extra large and X-linked inhibitor of apop-
tosis protein (33,34), but may also perform a proapoptotic
function (35,36). The results of the present study demonstrate
that LRP1-knockdown chondrocytes exhibit increased suscep-
tibility to cell death in response to TNF-a, as indicated by
the TUNEL assay and the nucleic morphological alterations
of apoptotic chondrocytes stained with 4',6-diamidino-2-phe-
nylindole (Fig. 5A). Furthermore, the present results identify
a potential proapoptotic pathway by which knockdown of
LRP1 was able to reduce p-Akt and Bcl-2 expression, while
enhancing the Bax/Bcl-2 ratio and caspase-3 activation. A
possible explanation may be that TNF-a-induced apoptosis
is mediated primarily through the activation of the type I
receptor, which is elevated in LRP1-knockdown chondrocytes.
However, p-Akt is a central regulator of cellular processes in
the cytosol, one of its primary roles is to function indirectly as
an antiapoptotic protein (37). Knockdown of LRP1 expression
was shown to increase the levels of caspase-3 and Bax. Active
caspases serve as vital mediators in the induction of apoptosis.
Furthermore, caspase-3 is a downstream regulator of a variety
of proteins, including Bcl-2 family proteins (30,31). Certain
members of the Bcl-2 family, including Bcl-2, are able to
inhibit TNF-induced apoptosis (32). Bcl-2 and Bax have been
identified as key factors influencing cell susceptibility to apop-
tosis (31). In the present study, LRP1 knockdown chondrocytes
exhibited reduced expression levels of Bcl-2 (in particular
Bcl-2/Bax ratio), which indicates that LRP1 is able to induce
cellular proliferation and exert antiapoptotic effects.

In summary, the present study demonstrated a novel func-
tion of LRP1 as an important mediator of TNF-a signaling,
suppressing inflammation and apoptosis in articular chon-
drocytes. The inhibitory effects of LRP1 on apoptosis may
be partially derived from the capacity of LRP1 to inhibit
TNF-a-induced apoptosis. Furthermore, the present results
indicate that LRP1 exerts a protective effect in cartilage
chondrocytes exposed to TNF-a. However, the precise
mechanism underlying LRP1 regulation of the cross-talk
between other key pathways remains unclear, and further
study is required.
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