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Effects of GGCX overexpression on anterior cruciate
ligament transection-induced osteoarthritis in rabbits
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Abstract. Effective therapeutic methods for osteoarthritis
(OA) are lacking. y-glutamyl carboxylase (GGCX) is a key
enzyme that regulates carboxylation of cartilage matrix Gla
protein (MGP). Whether GGCX overexpression protects
against OA remains unknown. The aim of the present study
was to explore the effects of GGCX overexpression on anterior
cruciate ligament transection (ACLT)-induced OA and its
mechanisms in Japanese white rabbits. ACLT surgery was
used to establish an OA model in rabbits. A total of 48 rabbits
were randomly divided into 4 groups: Sham, OA model +
GGCX overexpression plasmid, OA model + saline and OA
model + empty vector. The expression of uncarboxylated
MGP (ucMGP), carboxylated MGP (cMGP), matrix
metalloproteinase (MMP)-13, collagen type X, collagen
type II, tumor necrosis factor (TNF)-a and interleukin
(IL)-1p were detected by ELISA, immunohistochemistry,
reverse transcription-quantitative polymerase chain reaction
and western blotting. Morphological changes to tibial
cartilage were assessed by Giemsa and safranin O-fast green
staining, respectively. Compared with the Sham control,
GGCX expression was significantly decreased in the OA
Model group. GGCX expression was increased by injection
of a lentivirus-carried overexpression plasmid that encoded
GGCX. GGCX overexpression ameliorated ATLC-induced
damage in articular cartilage. OA Model rabbits exhibited
significantly decreased expression levels of cMGP and
collagen type II, and increased expression of ucMGP, collagen
type X, MMP-13, IL-18 and TNF-a. Notably, these expression
levels were reversed by GGCX overexpression in OA Model
rabbits. Results from the present study indicated that GGCX
expression was decreased in OA Model rabbits, whereas
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overexpression of GGCX was able to promote carboxylation
of MGP, reduce inflammation, decrease MMP-13
expression and regulate collagen expression. The results also
indicated that GGCX may serve as a therapeutic target for OA.

Introduction

Osteoarthritis (OA) is a chronic disabling disease that is
induced by primary or secondary articular chondrocyte
degeneration or structural disorder. It is the most common
form of arthritis and affects millions of people worldwide,
with the most common symptoms being joint pain and stiff-
ness (1). OA occurs when the protective cartilage on the ends
of bones wears down over time. Bone hyperplasia is a major
pathological feature of OA, which leads to joint destruction
and deformity (2). OA is most often diagnosed in middle-aged
or elderly populations. As aging populations rise, the incidence
rate of OA is now at an epidemic level worldwide, particularly
in China (3,4). Current treatments only provide symptomatic
relief and include exercise, efforts to decrease joint stress,
support groups and pain medications.

Although aging is considered to be one of the major patho-
logical causes for the onset of OA (5), the exact underlying
mechanisms that control OA development are yet to be eluci-
dated. Matrix Gla protein (MGP) is a calcification inhibitor that
must be carboxylated by vitamin K to function (6). y-glutamyl
carboxylase (GGCX) is a key enzyme that regulates the
carboxylation of cartilage MGP, and carboxylated (c)MGP and
uncarboxylated (un)MGP are detectable in cartilage cells. It
has been suggested previously that circulating ucMGP may be
elevated in patients with OA (7), and GGCX was apparently
decreased in cartilage tissue from patients with OA (8,9).

Inflammation has been identified as an important process
in OA. Proinflammatory cytokines, including interleukin-1f
(IL-1B) and tumor necrosis factor a (TNF-a), are critical
markers for the diagnosis and treatment of OA (10). Collagen
type X expression is typically upregulated in OA cartilage
tissue, whereas collagen type II expression has been reported to
be decreased in OA, which may be caused by the degeneration
of cartilage cells (11). Matrix metalloproteinase (MMP)-13
is expressed in the skeleton and is required to restructure the
collagen matrix for bone mineralization. In the present study,
an OA model was produced by anterior cruciate ligament
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transection (ACLT) in rabbits. A GGCX-overexpression
plasmid was locally injected into the joint fluid and the protec-
tion of GGCX overexpression against OA was investigated
and inflammatory factors and collagen levels were detected.
This study may provide experimental evidence for the clinical
application of virus injection in the treatment of OA.

Materials and methods

Animal model and treatments. A total of 48 male Japanese
white rabbits (age, 3 months; weight, 3+0.5 kg) were obtained
from the Animal Center of Nanchang University (Nanchang,
China) and raised in a 12 h light/dark cycle at 22+3°C and a
humidity of 40-60%, with access to food and water ad libitum.
All the experiments were approved by Ethics Committee of
Nanchang University (Nanchang, China). The rabbits were
divided into 4 groups (n=12/group): i) OA model + GGCX
overexpression plasmid (GGCX); ii) OA model + saline
(Model); iii) OA model + empty vector (Vector); and iv) Sham
negative control (Sham). The OA model was produced by
ACLT surgery, as previously described (12); briefly, following
anesthesia by 3% pentobarbital sodium (30 mg/kg) ear vein
injection, the right knee joint in each rabbit was exposed
and the anterior cruciate ligament was cut. The joint cavity
was blocked by suture and disinfected with iodophor. Sham
control rabbits received surgery, but the anterior cruciate liga-
ment was not cut. At 8 days post-surgery, the rabbits received
lentivirus-carried GGCX overexpression plasmid, empty
vector or saline treatments, locally injected into the joint cavity
(0.2 ml). Joint fluid was obtained using a syringe from each
rabbit at weeks 2, 4, 6 and 8 and stored at -80°C until use. At
week 8 following the injections, all animals were sacrificed by
decapitation following anesthesia by 3% pentobarbital sodium
(30 mg/kg). Joint fluid and articular tissues were collected for
enzyme linked immunosorbent assay (ELISA), histological
staining and RNA/protein extraction.

ELISA. ucMGP (cat. no. JL32168, J&L Biological, Shanghai,
China), cMGP (cat. no. JL32118, J&L Biological), MMP-13
(cat. no. SEAO099RD, Cloud-Clone Corp., Wuhan, China),
collagen type X (cat. no. MBS725868; MyBioSource, Inc.,
San Diego, CA, USA), collagen type II (cat. no. SEA572Rb,
Cloud-Clone Corp.), TNF-a (cat. no. SEA133Rb, Cloud-Clone
Corp.) and IL-1p (cat. no. E-EL-RB0013c, Elabscience,
Houston, TX, USA) were detected in joint fluid (10 ul) by
ELISA method, according to the manufacturer's instructions.

Immunohistochemistry, safranin O-fast green staining
and Giemsa staining. Articular tissues were fixed in
4% paraformaldehyde for ~1 week at 4°C, cryoprotected
in 30% sucrose for 1 h at 4°C and sectioned into 20 ym
thick sections with a frozen microtome. Immunostaining
of histological sections was performed using monoclonal
antibodies against GGCX (1:100; cat. no. abl107507,
Abcam, Cambridge, UK), ucMGP (1:100; cat. no. ab108225;
Abcam), anti-cMGP (1:100; cat. no. ab12416; Abcam),
MMP-13 (1:100; cat. no. bs-10581R; BIOSS, Beijing, China),
collagen type X (1:100; cat. no. bs-0554R; BIOSS), collagen
type II (1:100; cat. no. bs-8859R; BIOSS), TNF-a (1:100; cat.
no. ab179675; Abcam) and IL-1f (1:100; cat. no. ab200478;
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Abcam). Endogenous peroxidase activity was blocked with
3% (v/v) H,0O, for 5 min at room temperature. Subsequently,
tissues were incubated with primary antibodies overnight
at 4°C, followed by incubation with horseradish peroxidase
(HRP)-labeled goat anti-rabbit IgG secondary antibody
(1:10,000; cat. no. A16104SAMPLE; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) for 30 min at room temperature and
visualized with 3,3'-diaminobenzidine chromogen for 3 min at
room temperature.

Safranin O-fast green staining was carried out to detect
surface cartilage damage and Giemsa staining was performed
to detect cartilage tissue. Tissues were fixed in 4% parafor-
maldehyde for ~1 week at 4°C, cryoprotected in 30% sucrose
for 1 h at 4°C and sectioned into 20 ym thick sections with a
frozen microtome. For safranin O-fast green staining, slides
were first stained with Weigert's iron hematoxylin working
solution for 10 min. Slides were subsequently washed in
running tap water for 10 min and stained with fast green
solution for 5 min. Slides were then rinsed quickly with
1% acetic acid solution for no more than 10-15 sec and stained
with 0.1% safranin O solution for 5 min. For Giemsa staining,
fixed slides were stained with Giemsa stain for 5 min. Both
stains were performed at room temperature and images were
taken under a light microscope in at least five fields of view
with magnification, x200.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from articular tissues
(10 mg) using a TRIzol kit (Thermo Fisher Scientific, Inc.).
RNA concentrations were determined spectrophotometri-
cally, and 1 pg total RNA was reverse transcribed into cDNA
using an Avian Myeloblastosis Virus Reverse-Transcriptase
kit (Promega Corporation, Madison, WI, USA). RT-qPCR
was performed using the TB Green™ Fast qPCR Mix
(Takara Biotechnology Co., Ltd., Dalian, China). PCR
primer sequences were as follows: GAPDH forward,
5'-GTCTGCCACGATAACACC-3' and reverse, 5'-CAATAC
AACAAGCCCACTC-3; GGCX forward, 5'-CTTGTTGCG
AAAGCTCTAT-3" and reverse, 5'-GATTTGACTCAGGAG
GATTAG-3'; MMP-13 forward, 5'-CCCCAACCCTAAACA
TCC-3' and reverse, 5-AACAGCTCCGCATCAACC-3";
TNF-a forward, 5'-GCCGGATCGTGCAGTTCG-3' and
reverse, 5" TCCAAGGTAGCGGTCGTG-3"; IL-1p forward,
5-GCTGAACCTTAGTACCCTTGT-3' and reversem, 5'-AGT
TTCTGTGGCGTCTGG-3'; collagen type X forward, 5-TCA
AAGGGCACTATCAACT-3" and reverse, 5S“TGTTTGGTA
TCGCTCAGTA-5'; collagen type II forward, 5'-CAACAA
CCAGATCGAGAGCA-3' and reverse 5'-CGGTCTCCATGT
TGCAGAA-3'. The amplification reactions were performed
with an Applied Biosystems 7500 Real-Time PCR System
(Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham,
MA, USA), with initial denaturation at 95°C for 10 min,
followed by 40 cycles of a two-step PCR at 95°C for 15 sec
and 60°C for 1 min. The 2-22°4 method was used to determine
the amount of target, normalized to the endogenous reference,
GAPDH, as previously described (13).

Western blotting. Protein was extracted from articular tissue
for western blotting as previously described (14). Protein was
isolated from 10 mg articular tissue using a protein isolation
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Figure 1. Injections with lentiviral-carried GGCX-overexpression plasmid promote GGCX expression in articular tissues in ATLC model rabbits.
(A) Immunohistochemistry of articular tissue (magnification, x200); Tissues were probed with anti-GGCX antibody and counter stained with hematoxylin
and eosin. (B) Relative expression of GGCX was determined by reverse transcription-quantitative polymerase chain reaction for GGCX. (C) Western blotting
and densitometric analysis of GGCX protein expression in the four treatment groups; expression levels were normalized to -actin. “P<0.05 vs. Sham group;
"P<0.05 vs. Model group. ATLC, anterior cruciate ligament transection; GGCX, y-glutamyl carboxylase.

kit (ReadyPrep; GE Healthcare Life Sciences). Protein concen-
tration was determined using a bicinchoninic assay kit
(Thermo Fisher Scientific, Inc.). A total of 20 ug protein
was loaded into each lane and separated via SDS-PAGE on
a 12% gel and transferred onto nitrocellulose membranes.
Subsequently, membranes were blocked in 5% skim milk for
2 h in room temperature and incubated with the following
primary antibodies overnight at 4°C: Anti-GGCX (1:200; cat.
no. abl07507; Abcam), anti-ucMGP (1:200; cat. no. ab108225;
Abcam), anti-cMGP (1:200; cat. no. ab12416, Abcam) and
anti-p-actin (1:1,000; cat. no. 4970; Cell Signaling Technology,
Inc., Danvers, USA); membranes were incubated with primary
antibodies overnight at 4°C. The nitrocellulose membranes
were washed three times and incubated with HRP-labeled
goat anti-rabbit IgG secondary antibody (1:10,000, cat.
no. A16104SAMPLE; Thermo Fisher Scientific, Inc.) at 4°C
for 2 h. Protein bands were visualized using an enhanced
chemiluminescence kit (Thermo Fisher Scientific, Inc.) and
the blots were scanned using a ChemiDoc XRS (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Protein expression
was normalized to B-actin and densitometric analysis was
performed by ImageJ Software version 7.0 (National Institutes
of Health, Bethesda, MD, USA).

Statistical analysis. Data are presented as the mean + standard
deviation. One-way analysis of variance with Bonferroni
post-hoc test for multiple comparisons was performed.
P<0.05 was considered to indicate a statistically significant
difference.

Results

GGCX overexpression promotes GGCX expression in OA
model rabbits. The potential roles of GGCX in OA were

examined in an ACLT-induced OA rabbit model by locally
injecting lentivirus carrying GGCX overexpression vector
into the joint fluid. GGCX mRNA expression was detected
by RT-gqPCR, and protein expression was detected by immu-
nohistochemistry (Fig. 1A) and western blot analysis. GGCX
protein and mRNA expression was significantly decreased
in the OA model group compared with expression levels in
Sham control rabbit articular cartilage (Fig. 1B and C). No
significant difference was identified for GGCX mRNA or
protein expression in OA Model rabbits treated with the empty
vector compared with untreated Model rabbits, whereas those
receiving injections of the GGCX-overexpression vector
exhibited significantly increased GGCX expression at both the
mRNA and protein levels in articular cartilage compared with
the Model group. These data suggested that local injection
of GGCX overexpression plasmid was a useful approach for
promoting GGCX expression.

Morphological changes. Articular cartilage from rabbits
in each of the four groups was stained with safranin
O-fast green. The articular cartilage appeared normal in
the Sham control group, which was characterized by a
smooth surface and with evenly organized cartilage cells
in clear layers; aggregated cells were not observed and
tide line was complete with matrix evenly stained (Fig. 2).
By contrast, morphological changes were clearly observed
in the OA Model and the empty vector groups, in which
severe cartilage injury and large-scale cartilage fibrosis was
observed, and matrix was damaged in most of the layers.
GGCX overexpression appeared to reduce the morphological
changes caused by ACLT (Fig. 2). Cartilage cells in tibia
were normally distributed in Sham control group (Fig. 3); the
cells were evenly and orderly arranged with clear layers, a
complete tide line and normal staining of matrix. In the OA
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Figure 2. GGCX overexpression reverses anterior cruciate ligament transection-induced morphological changes of articular cartilage, as detected by Safranin
O-fast green staining (magnification, x200). The articular cartilage appeared normal in the Sham control group and GGCX overexpression group, which was
characterized by a smooth surface and with evenly organized cartilage cells in clear layers; aggregated cells were not observed and tide line was complete with
matrix evenly stained, as indicated by the arrows. By contrast, changes in morphology were observed in the Model and Vector groups, indicating cartilage
injury and fibrosis. GGCX, y-glutamyl carboxylase.
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Figure 3. GGCX overexpression reverses anterior cruciate ligament transection-induced morphological changes of tibial cartilage, as detected by Giemsa
staining (magnification, x200). Cartilage cells were normally distributed in the Sham and GGCX overexpression group. Orderly arranged cells with clear
layers, a complete tide line (as indicated by arrows) and normal staining of matrix were observed. In the OA Model group and empty vector group, although

the tide line was complete, most layers of the matrix exhibited mild injury. GGCX, y-glutamyl carboxylase.

Model group and empty vector group, although the tide line
was complete, most layers of the matrix exhibited mild injury.
However, GGCX overexpression appeared to attenuate the
morphological changes caused by ATLC.

GGCX overexpression decreases ucMGP and increases
cMGP expression levels in OA model rabbits. Injection of the
GGCX overexpression plasmid was demonstrated to increase
GGCX expression in articular cartilage and joint fluid, as
determined by ELISA. Thus, it was investigated whether
MGTP levels were also affected by GGCX overexpression. In
OA Model rabbits and in rabbits treated with the empty vector,
ucMGP expression levels gradually increased between week 2
and week 8, compared with the control (Fig. 4A). Rabbits
overexpressing GGCX exhibited a significant decrease in
ucMGP expression level at week 8, compared with rabbits in
the Model group. By contrast, OA Model rabbits exhibited
gradually decreasing cMGP expression levels between weeks
2 and 8 (Fig. 4B). GGCX overexpression vector injection
promoted the recovery of cMGP to normal level (week 8),
whereas the empty vector did not influence cMGP, compared
with Model group.

Immunohistochemistry and western blot analysis
confirmed the results obtained from ELISA. OA model rabbits
exhibited an increase in ucMGP expression (Fig. 4C and D) and
a decrease in cMGP expression levels at week 8 post-surgery
(Fig. 4C and E). By contrast, GGCX overexpression reversed
the abnormalities caused by the ATLC model.

GGCX overexpression reduces inflammation induced by
ATLC. Representative images of the joints in each group are
presented in Fig. 5. The articular cartilage of the sham group
was observed to be intact without injury. By contrast, the joint
fluid in the model group was cloudy and the articular cartilage
was damaged with evidence of inflammation. The vector and
model group morphologies were indistinguishable. In the
GGCX group, the injured joints appeared to have recovered to
anormal level. TNF-a (Fig. 6A) and IL-1p (Fig. 2B) expression
levels were detected by ELISA, immunohistochemistry
(Fig. 6C) and RT-qPCR (Fig. 6D). TNF-a concentration
increased between week 2 and week 8 post-surgery in the OA
Model and empty vector groups (Fig. 6A). At week 8, TNF-a
mRNA and protein expression levels were increased in the OA
Model group (Fig. 6C). By contrast, GGCX overexpression, but
not empty vector, caused a decrease in ATLC-induced TNF-a
expression (Fig. 6A, C and D). A similar trend was identified
for TL-1p expression levels; OA Model rabbits exhibited
increased IL-1P synovial fluid concentration levels, protein
expression and mRNA expression levels (Fig. 6B, C and E,
respectively).

GGCX overexpression decreases collagen type X and
MMP-13 expression, but increases collagen type Il
expression in ATLC model rabbits. In the present study,
OA Model rabbits exhibited a decrease in collagen type
II synovial fluid concentration levels, but an increase in
collagen type X concentration levels between week 2 and
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Figure 4. GGCX overexpression reduces ucMGP and increased cMGP expression in ATLC Model rabbits. (A) ELISA detection of ucMGP in joint fluid.
(B) ELISA detecting cMGP in joint fluid "P<0.05 vs. Model. (C) Immunohistochemistry of articular tissues. Magnification, x200. Detection of (D) ucMGP
and (E) cMGP of articular tissues, as detected by western blot analysis. “P<0.05 vs. Sham group; “P<0.05 vs. Model group. ATLC, anterior cruciate ligament
transection; ¢, carboxylated; GGCX, y-glutamyl carboxylase; MGP, matrix Gla protein; uc, uncarboxylated.
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Figure 5. Representative joint images of each experimental group. ATLC, anterior cruciate ligament transection; GGCX, y-glutamyl carboxylase.

week 8 post-surgery (Fig. 7A and B, respectively). At week 8
post-surgery, OA Model rabbits also exhibited a decrease in
collagen type II and an increase in collagen type X protein
and mRNA expression levels (Fig. 7C-E). By contrast,
GGCX overexpression reversed the abnormalities caused by
ATLC-induced OA.

The levels of MMP-13 expression were also examined
using similar methods. OA Model rabbits exhibited gradually
increasing MMP-13 concentration levels in the synovial fluid
between weeks 2 and 8 post-surgery compared with the Sham
group (Fig. 8A). At week 8, OA Model rabbits also exhibited
increased MMP-13 mRNA and protein expression levels
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compared with the Sham group (Fig. 8B and C, respectively).
By contrast, GGCX overexpression reversed the abnormalities
caused by ATLC surgery.

Discussion

Primary OA is characterized by restricted articular activity,
pain and hyperosteogeny (15). Certain treatments, including
non-steroidal analgesic and anti-inflammatory drugs, and
amino glucose capsules, were reported to alleviate the symp-
toms, but with only temporal effects (16,17). Therefore, effective
treatment for OA is still urgently required. In the present study,
the overexpression of GGCX was demonstrated to mitigate
ATLC-induced damage of articular cartilage. The potential
mechanisms may be related to the reduction of inflammation,
as well as an increase in cMGP and a decrease in ucMGP
concentration in joint fluid. GGCX is a key enzyme respon-
sible for the carboxylation of cartilage MGP (18). In normal
articular cartilage, cMGP binds to calcium and fetuin to form
an MGP-fetuin-calcium complex. This complex inhibits carti-
lage calcification and the formation of calcium crystals, which
was reported to elicit the degeneration of cartilage cells (19).
The present study demonstrated that GGCX overexpression
promoted the carboxylation of MGP in OA model rabbits.

Inflammation has been reported be an important process
in OA (20). IL-1p and TNF-a are the major inflammatory
cytokines in OA development. As previously reported, IL-1
and TNF-a levels were apparently elevated in OA (21,22).
In the present study, mRNA and protein levels of IL-1 and
TNF-a were increased in OA Model rabbit joint synovial fluid.
GGCX overexpression was revealed to reduce the expression
of these inflammatory factors and joint inflammation in the
ATLC Model rabbits.

In aprevious study, collagen type X expression was revealed
to be increased in OA cartilage tissue (23). In the present study,
three approaches consistently demonstrated that GGCX over-
expression in OA Model rabbits led to increased collagen type
IT and decreased collagen type X expression levels. MMPs are
capable of degrading all kinds of extracellular matrix proteins,
including collagen type II, and increased MMP expression
may have detrimental effects on cartilage cells (24). The
present study used three methods to demonstrate that MMP-13
synthesis was increased in OA Model rabbits, whereas it was
reduced by GGCX overexpression.

The present study also detected IL-1f, TNF-a, Collagen
type X, Collagen type II and MGPat different time points by
ELISA.Theexpression of these proteins was not clearly affected
in the second week post-surgery; however, the differences were
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apparent at weeks 6 and 8. In addition, the protective effects of  indicated that growth arrest-specific 6 (Gas6) functioned in
GGCX overexpression against ATLC-induced articular injury ~ promoting the proliferation of cartilage cells (25,26). GGCX
were also demonstrated. A number of previous studies also  promotes the carboxylation of MGP, and cMGP may exert its
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function through Gas6 to inhibit cartilage cell apoptosis (27).
This data is consistent with the findings of the present study
and indicates that GGCX overexpression has the potential
to ameliorate OA injury. Morphological analysis by safranin
O-fast green and Giemsa staining revealed alterations in
articular cartilage and tibia. Results from the present study
indicated that GGCX overexpression may ameliorate the
morphological changes induced by ATLC.

In conclusion, the present study investigated the effects of
GGCX overexpression on ATLC-induced articular impair-
ments. GGCX expression was demonstrated to be decreased
in the OA Model, whereas subsequent overexpression of
GGCX in OA Model rabbits was able to reduce inflammation,
reduce collagen type X and MMP-13 expression, promote
MGP carboxylation and increase collagen type II expression.
Results from the present study indicate that GGCX may serve
as an effective target for OA treatment.
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