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ARTICLE INFO ABSTRACT

Background: Downregulation of histone deacetylase-4 (HDAC4) contributes to cartilage degeneration in os-
teoarthritis (OA) because it promotes upregulation of runt-related transcription factor-2 (Runx-2) and osteoar-
thritis-related genes. The effect of HDAC4 upregulation on cartilage damage in OA remains unknown.
Methods: Rat chondrocytes were infected with Ad-GFP or Ad-HDAC4-GFP for 48 h, stimulated with interleukin-
1p (IL-13, 10ng/mL) for 24 h, and then harvested for RT-qPCR. Male Sprague-Dawley rats in 3 groups were
given anterior cruciate ligament transection (ACLT) or sham operation, and knee injections with different
adenovirus (Ad) vectors at 48 h after surgery and every 3 weeks thereafter: ACLT + Ad-GFP (n = 17); ACLT + Ad-
HDAC4-GFP (n = 20); and sham + Ad-GFP (n = 15). Three ACLT-Ad-HDAC4-GFP rats were sacrificed at different
times to examine the expression of HDAC4. Two ACLT-Ad-GFP rats and two ACLT-Ad-HDAC4-GFP rats were
euthanized at week-2; articular cartilage was harvested and expression of HDAC4 was determined by RT-qPCR.
All other rats were euthanized at week-8. Cartilage damage and OA progression was assessed using radiography,
fluorescence molecular tomography (FMT), histology, immunohistochemistry (IHC), ELISA, and RT-qPCR.
Results: Overexpression of HDAC4 in chondrocytes stimulated by IL-1p reduced the levels of Runx-2, MMP-13,
and Collagen X, but increased the levels of Collagen II and Aggrecan. Upregulation of HDAC4 reduced osteophyte
formation and cartilage damage, and increased articular cartilage anabolism.

Conclusion: HDAC4 attenuated articular cartilage damage by repression of Runx-2, MMP-13, and collagen X and
induction of collagen II and ACAN in this rat model of OA. Upregulation of HDAC4 may provide chon-
droprotection in OA patients.
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1. Introduction

Osteoarthritis (OA) is the most common joint disease among the
elderly and is associated with tremendous individual and socio-
economic burdens [1,2]. A recent survey reported that OA is the major
cause of knee joint dysfunction in the aged [3]. The main pathological
changes associated with OA are progressive disruption within the ar-
ticular cartilage and osteophyte formation, and these can cause chronic
pain and dysfunction in affected joints. The molecular pathogenesis of
OA is not completely understood, and there are currently no effective
pharmacological therapies for prevention or treatment.

Recent studies demonstrated that chondrocytes enter hypertrophic
differentiation during the early-stage of OA [4,5]. These hypertrophic
chondrocytes express increased levels of Runt-related transcription
factor 2 (Runx-2), matrix metalloproteinase-13 (MMP-13), type X

collagen (Col X), and Indian hedgehog (IHH), leading to an imbalance
of anabolism and catabolism in the cartilage and to cartilage destruc-
tion [6-8]. Runx-2 and MMP-13 are the most significant of these hy-
pertrophic factors. Runx-2 is a critical regulator for chondrocyte hy-
pertrophy [9,10]. MMP-13 plays a significant role in the degradation of
cartilage extracellular matrix (ECM) and degrades cartilage ECM di-
rectly during the initial stages of OA [11]. At the molecular level, MMP-
13 efficiently degrades type II collagen (Col II) [12]. Therefore, re-
pression of chondrocyte hypertrophy might help to attenuate or reverse
articular cartilage degradation in OA. However, the impact of selec-
tively decreasing the expression of Runx-2, MMP-13, and Col X on OA is
unclear.

Histone deacetylase 4 (HDAC4) belongs to the class IIa histone
deacetylase family and mainly occurs in the brain, muscle, and cartilage
[13,14]. HDAC4 represses chondrocyte hypertrophy and the expression
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of MMP-13 by inhibiting the activity of Runx-2 [15]. Hdac4 /™ mice
have increased expression of MMP-13 in hypertrophic chondrocytes
[16]. Evidence from our laboratory indicated a lower level of HDAC4 in
cartilage from OA patients than in cartilage from healthy donors, and
up-regulation of Runx-2, MMP-13, and Col X in OA patients [17]. Our in
vitro experiments also indicated that HDAC4 inhibits the transcription
of Runx-2 and MMP-13 by repressing their promoter activities [17].
Thus, the upregulation of HDAC4 appears to have a chondroprotective
effect by inhibiting the transcription of Runx-2 and MMP-13, and may
therefore be useful as a therapy for OA.

To investigate this hypothesis, we first used rat costal chondrocytes
to investigate the in vitro effects of HDAC4. We then performed an in
vivo study using an established OA rat model, induced by knee joint
anterior cruciate ligament transection (ACLT), in which an adenoviral
vector was used to upregulate HDAC4 in the knee cartilage.

2. Materials and methods

This study was approved by the Animal Ethics Committee of Shanxi
Medical University (approval project identification code: 2016LL083,
March 14, 2016). All procedures on animals were in compliance with
the animal protection agreements and regulations.

2.1. Construction of adenoviral vectors

An adenoviral vector encoding HDAC4 and green-fluorescent protein
(Ad-HDAC4-GFP) and a negative control (Ad-GFP) were constructed
and purified by Genechem (GCPA0154814, Shanghai, China). The virus
titer was 1 x 10° plaque-forming units (PFUs)/mL for in vitro experi-
ments, and the titer was 1 x 10° PFUs per knee for in vivo experiments.

2.2. Chondrocyte culture

Costal chondrocytes were isolated from neonatal Sprague-Dawley
(SD) rat as described previously [18] and cultured in Dulbecco's Mod-
ified Eagle's Medium (Hyclone) supplemented with 10% fetal bovine
serum (Hyclone). At passage 2, the chondrocytes were seeded in 6-well
plates and stimulated with 10 ng/mL IL-1 (PeproTech) for 24 h. Un-
treated cells were used as controls. To investigate the effects of HDAC4
in vitro, the chondrocytes were infected with 200 multiplicities of in-
fection (MOI) of Ad-GFP or Ad-HDAC4-GFP for 48 h; this MOI led to an
infection efficiency of nearly 100% and high cell viability. The cells
were then stimulated with 10 ng/mL IL-1f for 24 h, and then harvested
for real-time quantitative PCR (RT-qPCR).

2.3. Rat anterior cruciate ligament transection (OA model) and HDAC4
gene delivery

Eight-week-old male Sprague-Dawley (SD) rats (n = 52) were pur-
chased from Shanxi Medical University. OA was induced by anterior
cruciate ligament transection (ACLT), and the rats were then randomly
divided into 3 groups: ACLT +Ad-GFP (henceforth, Ad-GFP; n = 17),
ACLT + Ad-HDAC4-GFP (henceforth, Ad-HDAC4; n = 20), and sham-
operated + Ad-GFP (henceforth, sham-operated; n = 15). The opera-
tions were performed on the right knees, as described previously [19].
Ad-HDAC4-GFP and Ad-GFP were administered by intra-articular in-
jection 48 h after surgery, and every 3 weeks thereafter. Three rats from
the Ad-HDAC4 group were sacrificed at 3 days, 2 weeks, and 3 weeks
after the initial adenovirus injection for histological examination of 5-
um sections to determine the location and expression of HDAC4 in the
rat knee and tibial plateau using fluorescence microscopy. Two rats
from the Ad-GFP group and 2 rats from the Ad-HDAC4 group were
sacrificed 2 weeks after the initial adenovirus injection; the articular
cartilage was harvested, and the expression of HDAC4 was examined by
RT-qPCR. All other animals were euthanized 8 weeks after surgery.
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2.4. Radiography

A small-animal X-ray apparatus (Faxitron UltraFocus, Arizona, USA)
was used to evaluate radiographic changes in the rat knee at 8 weeks
after surgery. X-rays were taken with rats in the anteroposterior and
lateral positions while under anesthesia. The exposure time and kV
settings were set at “full AUTO”.

2.5. Fluorescence molecular tomography

Fluorescence molecular tomography (FMT) is a sensitive and
quantitative technology that provides in vivo 3-dimensional tissue
imaging [20,21]. FMT (FMT 4000 In Vivo Imaging System, PerkinElmer,
Waltham, MA, USA) was used to monitor the levels of MMPs in rat
knees at 8 weeks after surgery. The rats received intra-articular injec-
tions with a single dose of MMPSense 645 FAST Fluorescent Imaging
Agent (20 pL, 0.8 nmol; PerkinElmer) 24 h before imaging. MMPSense
645 FAST is a matrix metalloproteinase (MMP)-activatable agent that
emits fluorescence after cleavage by multiple MMPs in vivo (including
MMP-2, —3, —7, —9, —12, and — 13). The concentrations of the
MMPs probes in the rat knee were calculated using the region of interest
(ROI) method. Data are presented as means *+ standard deviations
(SDs), with 5 rats per group.

2.6. Histology

Gross morphologic lesions on the femoral condyle and tibial plateau
in rats (3 per group) were visualized by India ink staining. The proximal
tibiae (12 per group) were harvested from the right knee joints and
fixed in 4% paraformaldehyde for 48 h. The tibial plateaus were dec-
alcified in a 10% EDTA solution for 8 weeks, and each one was cut into
2 approximately equal pieces along the frontal plane. Each half was
embedded in a paraffin block, and frontal sectioning was performed.
Ten 5-um sections were obtained at three 200-um intervals (total of 60
sections), and two sections from each interval were stained with
Safranin O/Fast Green. The Osteoarthritis Research Society
International (OARSI) grading system was used to quantify cartilage
degradation [22]. This score ranges from O to 24, and a higher score
indicates more degeneration. Three independent and blinded observers
scored each section, and the scores from the proximal tibiae sections
were averaged for each rat.

2.7. Immunohistochemistry

Col II, Col X, MMP-13, and Runx-2 were visualized using im-
munohistochemistry (IHC). The slides were first dewaxed with xylene
and then rehydrated with graded ethanol. Endogenous peroxidase ac-
tivity was quenched with an endogenous peroxidase block for 10 min at
room temperature. For antigen retrieval, 0.1% trypsin was used to di-
gest the sections at 37 °C for 30 min and then incubated with a primary
antibody against rat Col II (ab34712; Abcam), Col X (BA2023; Boster,
Wuhan, China), Runx-2 (ab23981; Abcam), or MMP-13 (ab39012;
Abcam) at 4 °C overnight. The sections were then incubated with horse
radish peroxidase (HRP)-conjugated secondary antibody for 30 min at
37°C and developed using a 3,3’-diaminobenzidine chromogen.
Photographs were taken with a Leica DM6B microscope (Leica, Wetzlar,
Germany).

2.8. Enzyme-linked immunosorbent assay

Rat knee synovial fluid (SF) was collected by lavage, as described
previously [23], prior to analysis by an enzyme-linked immunosorbent
assay (ELISA). First, 100 uL. of an isotonic saline solution was ad-
ministered by intra-articular injection into the rat knee joint using a
microscale syringe. The knee was then passively flexed and extended 20
times to distribute the fluid within the joint before aspiration. About
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40 pL of lavage was then collected, centrifuged for 10 min at 2000g to
remove cells and particulates, and stored at —80 °C until analysis. The
MMP-13 concentration was measured using ELISA, according to the
manufacturer's protocol (Bioswamp, China). A4sonm Of the developed
plates was measured using a microplate reader (SpectraMax M5; Mo-
lecular Devices, USA). ELISA analysis of each sample was performed in
duplicate.

2.9. RT-qPCR

Total RNA was isolated from chondrocytes and rat articular carti-
lage using the TRIzol™ Reagent (Invitrogen). The femoral condyle
cartilage was dissected using a scalpel and then ground in liquid ni-
trogen. Cartilage samples from 4 rats were then pooled together, with 3
pooled samples per group. Isolated RNA was reverse-transcribed into
complementary DNA (cDNA) using PrimeScript™ RT Master Mix, and
RT-qPCR was performed using TB Green™ Premix Ex Taq™ II with the
Applied Biosystems™ QuantStudio™ 6 Flex Real-Time PCR System. The
RT-qPCR conditions were 95 °C for 30, followed by 40 cycles of 95 °C
for 55, and 60 °C for 30 s, and then dissociation (95 °C for 15, 60 °C for
60s, and 95°C for 15s) after the amplification procedure. Relative
transcript levels were calculated using the 24" method, as previously
described [24]. The primer sequences are given in Table 1.

2.10. Statistical analysis

Data are expressed as means *+ standard deviations (SDs). A one-
way analysis of variance (ANOVA) was used to analyze the differences
in mean OARSI scores, FMT results, MMP-13 concentrations, and
mRNA levels of Runx-2, MMP-13, Col X, Col II, and ACAN. The least
significant difference (LSD) multiple comparisons test was used for pair-
wise comparisons following ANOVA. A difference was considered sig-
nificant if the P value was < 0.05. The statistical analyses were per-
formed using SPSS version 19.0.

3. Results
3.1. HDAC4 inhibits IL-1f-stimulated catabolism of rat chondrocytes

Our fluorescence microscopy results show successful in vitro ade-
novirus-mediated HDAC4 infection of rat chondrocytes, as indicated by
strong green fluorescence at 48h (Fig. 1A). In addition, RT-qPCR of
uninfected chondrocytes showed that stimulation with IL-1f increased
the expression of Runx-2, MMP-13 and col X, but decreased the ex-
pression of Col II (Fig. 1B). Relative to the controls (Ad-GFP infected
cells), infection of chondrocytes with HDAC4 reduced the levels of
Runx-2, MMP-13, and Col X induced by IL-1f3, and increased the ex-
pression of Col II and Aggrecan (Fig. 1C).

Table 1
Sequences of primers.
Gene Sequence (5’-3")
rat HDAC4 F: GGCTTCCTTGTGGTGGTGTTGG

R: TGTACTCTCCTCGGCATGGTGTC

rat Col2al F: GAGGGCAACAGCAGGTTCAC
R: TGTGATCGGTACTCGATGATGG
rat ACAN F: CTGATCCACTGTCCAAGCACCATG
R: ATCCACGCCAGGCTCCACTC
rat Coll0al F: GGATGCCTCTTGTCAGTGCTAACC
R: TCATAGTGCTGCTGCCTGTTGTAC
rat MMP-13 F: AACCAGATGTGGAGTGCCTG ATG
R:CACATCAGACCAGACCTTGAAGGC
rat Runx-2 F: AACAGCAGCAGCAGCAGCAG
R: GCACGGAGCACAGGA AGTTGG
18S rRNA F: CGGCTACCACATCCA AGGAA

R: GCTGGA ATTACCGCGGCT
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Fig. 1. Effect of Ad-HDAC4 on in vitro catabolism of rat chondrocytes stimu-
lated by IL-1P. (A) Rat chondrocytes had strong green fluorescence 48 h after
infection with 200 MOI Ad-HDAC4-GFP. Scale bars: 100 um (B) RT-qPCR of
uninfected chondrocytes show increased levels of Runx-2, MMP-13, and Col X
and decreased levels of Col II at 24 h after stimulation with 10 ng/mL IL-1p. (C)
Overexpression of HDAC4 reduced the levels of Runx-2, MMP-13, and Col X
induced by IL-1B in rat chondrocytes and increased the levels of Col II and
Aggrecan. Here and below: * indicates P < 0.05. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-

sion of this article.)

3.2. Adenovirus-mediated transduction of HDAC4 into articular cartilage of
rat knees

We successfully introduced the HDAC4 gene into the rat articular
cartilage, as indicated by green fluorescence at day 3 (Supplementary
Materials Fig. 1A). This fluorescence signal was stronger at 2 weeks, but
much weaker at 3 weeks. At 2 weeks after injection, articular cartilage
was collected for measurement of HDAC4 mRNA by RT-qPCR. The re-
sults showed that the HDAC4 mRNA was 8.87-fold higher in the Ad-
HDAC4 group than in the Ad-GFP group (Supplementary Materials
Fig. 1B).

3.3. Radiology indicates that HDAC4 alleviates overt changes in OA

We evaluated overt changes of OA in knees by taking radiographs at
8 weeks after ACLT (Fig. 2). The results indicated osteophyte formation
along the patella, tibial plateau, and tibial intercondylar eminence in
the Ad-GFP group. Although some osteophytes were also present in the
Ad-HDAC4 group, they were less evident. There was no evident os-
teophyte formation in the sham-operated group.
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ACLT+Ad-HDAC4 Sham

ACLT+Ad-GFP

Sagittal view

Frontal view

Fig. 2. Sagittal and frontal osteophyte formation of the knee of a rat model of
OA at 8 weeks after surgery. X-rays show greater changes in osteophyte for-
mation along the patella, tibial plateau, and tibial intercondylar eminence in
the Ad-GFP group than in the Ad-HDAC4 group (black arrow heads). The sham-
operated group had no evidence of osteophyte formation.

3.4. Histology indicates that HDAC4 attenuates severity of cartilage
degeneration in OA

We also examined gross morphologic lesions using India ink
staining, in which more staining indicates more severe cartilage de-
struction (Fig. 3A). The results show that the femoral condyle and tibial
plateau cartilage had more staining in the Ad-GFP group than in the Ad-
HDAC4 and the sham-operated group (which had no staining). The Ad-
HDAC4 group also had a smoother cartilage surface and less cartilage
erosion than the Ad-GFP group.

We stained the articular cartilage with Safranin O, which stains for
proteoglycans and glycosaminoglycans and indicates cartilage surface
disruption (Fig. 3B). The results show weak Safranin O staining in the
Ad-GFP group but strong staining, more cellularity, more intact carti-
lage surface, and less fibrillation in the Ad-HDAC4 group. The resulting
OARSI scores were significantly higher in the Ad-GFP group
(14.31 = 2.56) than in the Ad-HDAC4 group (9.53 + 1.88;
P < 0.05). Rats in the sham-operated group had the lowest OARSI
scores (0.47 = 0.45; P < 0.05; Fig. 3C).

3.5. IHC indicates that HDAC4 promotes anabolism and inhibits catabolism
of cartilage

We compared the 3 groups using IHC staining of articular cartilage
(Fig. 4). The results show greater Col II staining in the Ad-HDAC4 and
sham-operated groups than in the Ad-GFP group. In contrast, Col X,
Runx-2, and MMP-13 staining were significantly greater in the Ad-GFP
group than in the Ad-HDAC#4 and sham-operated group. ELISA of joint
lavage fluid confirmed the IHC results for MMP-13 (Fig. 4E). In parti-
cular, the Ad-GFP group had an MMP-13 concentration of
21.97 * 0.79ng/mL, higher than the Ad-HDAC4 group
(16.38 = 0.59ng/mL; P < 0.05) and the sham-operated group
(12.46 = 1.03ng/mL; P < 0.05).

=+
=+
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Fig. 3. Effect of Ad-HDAC4 on disease progression in a OA rat model at 8 weeks
after surgery. (A) India ink staining after transduction shows the Ad-HDAC4
group had less staining and a smoother surface than the Ad-GFP group. (B) The
Ad-HDAC4 group also had stronger staining than the Ad-GFP group for Safranin
O. The bottom panels are higher-magnification views of the boxed areas in the
top panels. Blue scale bars: 100 um; black scale bars: 50 um. (C) OARSI scores
indicated less cartilage damage in the Ad-HDAC4 group than in the Ad-GFP
group, and little or no cartilage damage in the sham-operated group. (For in-
terpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

3.6. RT-qPCR indicates that HDAC4 promotes anabolism and inhibits
catabolism of cartilage

We performed real-time qPCR to confirm the IHC experiments
(Fig. 5). These results indicate that, relative to the Ad-GFP group, the
Ad-HDAC4 group had lower levels of Runx-2, MMP-13, and Col X, but
increased levels of Col I and ACAN. In addition, relative to the Ad-
HDAC4 group, the sham-operated group had lower levels of Runx-2,
MMP-13, and Col X, but increased levels of Col Il and ACAN.

3.7. FMT shows that HDAC4 decreases MMP levels

We analyzed living rats using FMT with appropriate probes to
monitor the levels of total MMPs in the knee (Fig. 6). The results show
that MMP levels were significantly lower in the Ad-HDAC4 group
(23.47 = 2.00 pmol) and sham-operated group (5.27 *= 1.49 pmol)
than in the Ad-GFP group (39.87 + 3.76 pmol; P < 0.05). These re-
sults are consistent with the above results from IHC, RT-qPCR, and
ELISA.



X.-d. Gu, et al.

Type II collagen
ACLT+Ad-GFP ACLT+Ad-HDAC4

ACLT+Ad-HDAC4

Sham

Runx-2
ACLT+Ad-GFP ACLT+Ad-HDAC4

International Immunopharmacology 75 (2019) 105752

D MMP-13
ACLT+Ad-GFP ACLT+Ad-HDAC4 Sham
E
*
25+ *
L — |
Z 20 *
Ea L —
3 157
3
= 104
Z 5

ACLT+Ad-GFP ACLT+Ad-HDAC4 Sham

Fig. 4. IHC staining for markers of cartilage catabolism and anabolism in a rat model of OA at 8 weeks after surgery. (A) Col II staining was greater in the Ad-HDAC4
and sham-operated groups than in the Ad-GFP group. (B, C, and D) Col X, Runx-2, and MMP-13 staining was greater in the Ad-GFP group than in the other two
groups. The bottom panels are higher-magnification views of the boxed areas in the top panels. Scale bar: 50 pm. (E) The Ad-HDAC#4 group had a lower concentration
of MMP-13 in SF than rats in the Ad-GFP group, and the sham-operated group had the lowest level.
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Fig. 5. RT-qPCR of markers of cartilage catabolism and anabolism in a rat model of OA at 8 weeks after surgery. (A, B, and C) The Ad-HDAC4 group, relative to the
Ad-GFP group, had reduced expression of Runx-2, MMP-13, and Col X, and the sham-operated group had the lowest levels of all 3 genes. (D and E) The Ad-HDAC4
group, relative to the Ad-GFP group, had greater expression of type II collagen and ACAN, and the sham-operated group had the highest levels of both genes.
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Fig. 6. FMT measurement of total MMPs in a rat model of OA at 8 weeks after surgery. (A) The Ad-HDAC4 group had a lower level of MMPs than the Ad-GFP group,
and the sham-operated group had the lowest level. (B) Quantitation of results in the regions of interest (5 rats per group).

4. Discussion

HDAC4 represses chondrocyte hypertrophy by inhibiting the ac-
tivity of Runx-2, a transcription factor necessary for this process. Thus,
a previous in vivo study demonstrated that HDAC4-null mice developed
precocious mineralization of the skeleton due to acceleration of chon-
drocyte hypertrophy, but overexpression of HDAC4 in proliferative
chondrocytes inhibited chondrocyte hypertrophy [15].

Our previous study indicated that the cartilage of patients with OA
had decreased expression of HDAC4 but increased expression of Runx-
2, MMP-13, and Col X [17]. This is likely because a decrease of en-
dogenous HDAC4 contributes to the increase of these proteins in OA
chondrocytes [17]. Other studies reported that the expression of Runx-
2, MMP-13, and type X collagen were greater during the early stages of
OA [8,25,26] and that the upregulation of Runx-2 is related to the in-
creased levels of MMP-13 and Col X in an animal model of OA and in
the chondrocytes of humans with OA [27,28]. The activated form of
MMP-13 degrades components of the ECM and targets type II collagen
and proteoglycans [29]. These previous studies thus suggest that
downregulation of HDAC4 contributes to the pathogenesis of cartilage
degeneration in OA. This led to our hypothesis that increasing the level
of HDAC4 during the early stages of OA will slow disease progression.

IL-1p is a critical mediator of OA progression [30]. In this study, we
constructed an in vitro OA model by stimulating rat chondrocytes with
IL-1B. This led to decreased expression of Col II, but increased expres-
sion of col X, Runx-2 and MMP-13. The same altered pattern of gene
expression occurs during OA [17,31]. Thus, we initially used this in
vitro model of OA to investigate the protective effects of HDAC4 on rat
chondrocytes. Our results demonstrated that overexpression of HDAC4
ameliorated the effects of IL-1 in rat chondrocytes.

We further studied the therapeutic effect of HDAC4 on OA in vivo
using an established OA rat model, in which OA was induced by ACLT.
We then used an adenoviral vector to transfer HDAC4 into the rat knee.
Previous research reported that recombinant adenoviral vectors effi-
ciently transduce genes in this rat model of OA [32]. Our results are in
agreement with these previous studies. In particular, we observed

expression of HDAC4 at 3 days after injection, with greater expression
at 2weeks but decreased expression at 3 weeks. These findings are
consistent with a previous report which found that adenoviral-mediated
gene expression is only sustained for 1 month [33]. Thus, to maintain
expression of HDAC4 in articular cartilage, we injected the adenoviral
vector every 3 weeks during subsequent experiments. Our results also
indicated that the level of HDAC4 was 8.87-fold higher in the Ad-
HDAC4 group than in the Ad-GFP group at 2 weeks.

X-ray examination of rat knees showed that the Ad-HDAC4 group
had fewer osteophytes and a smoother articular surface than the Ad-
GFP group. The India ink staining results showed less staining of the
femoral condyle and tibial plateau cartilage in the Ad-HDAC4 group
than in the Ad-GFP group. Because the major pathological features of
OA are progressive damage of articular cartilage, osteophyte formation,
and changes in periarticular bone [34], our radiological and morpho-
logical results demonstrate that HDAC4 upregulation attenuated ar-
ticular cartilage degradation.

We confirmed the chondroprotective effect of HDAC4 by Safranin
O/Fast Green staining, which showed stronger staining in the Ad-
HDAC4 group than in the Ad-GFP group. The Safranin O stain is specific
for cartilage glycosaminoglycans and proteoglycans, and is widely used
to detect proteoglycan loss in cartilage [35]. Thus, HDAC4 transduction
decreased the loss of ACAN in articular cartilage. The OARSI grading
score that we used is a semi-quantitative method that evaluates ar-
ticular cartilage damage [22]. We found significantly lower OARSI
scores (less damage) in the Ad-HDAC#4 group than in the Ad-GFP group.

HDAC4 inhibits the transcription of Runx-2 and MMP-13 by re-
pressing their promoters [17]. In the present study, we detected Runx-2
by IHC and RT-qPCR. The results of both methods showed there were
fewer Runx-2-positive chondrocytes in the Ad-HDAC4 group than in the
Ad-GFP group. In addition, Runx-2 expression was lower in the Ad-
HDAC4 group than in the Ad-GFP group. We measured MMP-13 using
FMT, IHC, real-time qPCR, and ELISA. FMT is an advanced and sensi-
tive bio-imaging method that provides noninvasive, deep tissue ima-
ging, and quantification of biological targets in vivo [36]. Our FMT
results showed that MMPs were downregulated in the Ad-HDAC4 group
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relative to the Ad-GFP group. This result is consistent with the afore-
mentioned results from IHC, RT- qPCR, and ELISA experiments. In
addition to decreased Runx-2 and MMP-13, Col X was also decreased in
the Ad-HDAC4 group relative to the Ad-GFP group, based on THC and
RT-qPCR. All these results demonstrate that HDAC4 attenuates the
damage of articular cartilage by inhibiting the expression of Runx-2,
MMP-13, and Col X in vivo.

Our IHC and RT-qPCR data confirmed the upregulation of ACAN
and Col II in the Ad-HDAC4 group relative to the Ad-GFP group. Thus,
HDAC4 upregulation inhibits catabolism and also increases anabolism.
Although the increase of Col II and ACAN suggest that HDAC4 may
promote cartilage repair, the mechanism by which HDAC4 enhances
this function is not clear, and this topic should be examined in future
studies.

In summary, our results demonstrated that HDAC4 attenuated ar-
ticular cartilage damage and OA progression by repression of Runx-2,
MMP-13, and Col X and by induction of collagen Il and ACAN in this rat
model of OA. These findings suggest that upregulation of HDAC4 may
possibly provide chondroprotective effects in patients with early-stage
OA.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.intimp.2019.105752.
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