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A B S T R A C T

Objective: Based on the expression changes in the TGF-β/ALK5/Smad2/3 signal transduction pathway, the repair
of cartilage injury in the rabbit knee joint was investigated and evaluated by oral administration of naringin in
combination with acellular dermal matrix implantation.
Methods: First, twenty New Zealand white rabbits were randomly divided into five groups: a sham operation group
(Sham group), a model group (Mod group), a naringin group (Nar group), an acellular dermal matrix group (ADM
group), a naringin þ acellular dermal matrix group (Nar/ADM group). After the 12th week, the repaired tissues
were assessed for histomorphology and repair content of the repaired site by observing the morphological
characteristics of articular cartilage. The International Cartilage Repair Society (ICRS)'s macroscopic evaluation of
the cartilage repair scale and the quantitative scoring repair effect of the modified O'Driscoll grading system were
used as evaluation criteria. In addition, the structure of the rabbit knee joint was evaluated by micro-CT scan,
histological staining (H & E staining, Alcian blue staining, Safranin-O staining) and immunohistochemical
staining (TGF-β2 immunostaining, TGF-β3 immunostaining, Sox-9 immunostaining).
Results: ① The observation of the repair morphology of joint defect tissues showed that the repair effects of the
Nar and ADM groups were better than that of the Mod group, and the repair effect of Nar/ADM group was the best
(P< 0.05). ② Quantitative scoring of joint defect tissue showed that the Nar/ADM group had the best repair
efficacy in the quantitative scores of the above two scales compared with the other groups (P< 0.05).③Micro-CT
scan showed that the ADM group had obvious repair of the defect structure, while the ADM/Nar group had
blurred repair boundaries, and the layers of cartilage and subchondral bone were clear.④ Histological staining (H
& E staining, Alcian blue stain, Safranin-O staining) showed that the ADM group had a better effect on the repair
of joint structure at the joint defect, the Nar group had a better effect on the repair of cartilage quality at the joint
defect, and the ADM/Nar group had satisfactory results in both of the above aspects. ⑤ Immunohistochemical
staining (TGF-β2 immunostaining, TGF-β3 immunostaining, Sox-9 immunostaining) revealed that the Nar group
showed more abundant expression of the above proteins in articular cartilage defects than the Mod and ADM
groups and that the Nar/ADM groups showed extensive TGF-β2, TGF-β3 and Sox-9 protein expression, with
uniform expression and smooth distribution.
Conclusions: Oral administration of naringin, the active ingredient of Rhizoma Drynariae, combined with acellular
dermal matrix can achieve better repair effects in both joint structure repair and cartilage quality repair at the
defect site when repairing cartilage defects in rabbit knees, and the generation of this effect may be caused by the
activation of the TGF-β/ALK5/Smad2/3 signal transduction pathway by naringin, resulting in the increased
expression of TGF-β2, TGF-β3, and Sox-9 in cartilage defects.
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The Translational Potential of this Article: Naringin combined with acellular dermal matrix can facilitate the repair
of osteochondral defects and has potential for application in osteochondral tissue engineering.
1. Introduction

Arthritis is a chronic disease characterized by articular cartilage
injury, which mainly occurs in the knee joint, with joint stiffness, pain
and motor dysfunction as the main clinical manifestations [1]. With the
gradual increase in the aging population, the incidence of the disease is
gradually increasing and has received increasing attention and research.
Cartilage injury of the knee is the main pathological feature of knee
osteoarthritis [2]. Articular cartilage is composed of chondrocytes and
cartilage extracellular matrix, with the chondrocytes distributed in the
cartilage extracellular matrix [3]. Articular cartilage is a highly differ-
entiated tissue in which there is a lack of blood, lymphatic vessels, and
nerves; thus, articular cartilage becomes damaged, it has a very poor
ability to repair itself [4].

Acellular dermal matrix is a scaffold structure that can be used to
repair cartilage defects. Anlun Ma applied intercalary stem cells com-
bined with acellular dermal matrix to repair articular cartilage defects
and achieved satisfactory repair results [5]. The acellular dermal matrix
scaffold material used in this study was a gift from the bone bank of
Beijing Jishuitan Hospital (Fourth Clinical Medical College of Peking
University). Acellular dermal matrix is made from the back skin of
newborn calves through decellularization, structural remodeling,
cross-linking and surfacemodification (Patent No.: ZL 201110099363.1).
This material has the characteristics of good structure, high porosity,
good histocompatibility and cell adhesiveness, and the expression level
of type II collagen in cells is not significantly different and can be used as
a repair material for cartilage defects [6].

Based on the in-depth study of plant derivatives as a source of new
active molecules, it has been found that many molecules can obtain good
therapeutic effects for various diseases, including skeletal tissues [7]. At
present, naringin has received special attention in the study of plant
derivatives for the treatment of knee osteoarthritis. Su Youxin's study
found that naringin can not only promote the proliferation of chon-
drocytes, but also protect the function of chondrocytes [8]. Naringin is an
important natural flavonoid and one of the main active ingredients of
Rhizoma Drynariae [9]. From the perspective of TCM (traditional Chi-
nese medicine), the key pathogenesis of knee osteoarthritis is kidney
essence deficiency. As a good medicine in orthopedics and traumatology,
Rhizoma Drynariae tonifies the kidney, strengthens bone, and relieves
pain. Deficiencies of essence and Qi in the kidney leads to the loss of bone
marrow, which leads to deficiencies of essence and blood and the loss of
muscle and bone, ultimately leading to muscle, bone and joint disease.
Naringin (an effective component of Rhizoma Drynariae) is relevant to
the pathogenesis of the disease and has potential for the treatment of
articular cartilage injury in knee osteoarthritis. Previous studies by our
group have found that naringin can promote the repair of cartilage injury
in rabbit knee joints by activating the TGF-β superfamily signaling
pathway [10].

TGF-β is a broad family of growth factors; its related cytokines
regulate cell proliferation, differentiation, apoptosis, tissue homeostasis
and regeneration and are among the signaling factors with the ability to
maintain chondrocyte phenotype and articular cartilage homeostasis
[11]. The TGF-β/Smad signaling pathway is closely related to the
occurrence and development of osteoarthritis and also plays a key role in
the repair process of cartilage injury [12]. Further studies have shown
that the TGF-β/ALK5/Smad2/3 signal transmission pathway is an
important component of the TGF-β/Smad signaling pathway, which plays
important roles in maintaining articular cartilage homeostasis and
repairing articular cartilage defects [13].

At present, there is no report on naringin combined with acellular
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dermal matrix for the repair of articular cartilage defects based on the
changes in the expression of TGF-β2, TGF-β3, and Sox-9, relying on the
TGF-β/ALK5/Smad2/3 signal transmission pathway. Therefore, we
designed the topic of this research. In this study, we applied the active
ingredient of Rhizoma Drynariae, oral naringin, combined with acellular
dermal matrix implantation to the defect to study the repair effects of the
above methods on rabbit knee cartilage injury. In addition to observing
the morphological characteristics of articular cartilage, the ICRS
macroscopic evaluation of the cartilage repair scale and the quantitative
scoring repair effect of the modified O'Driscoll grading system, micro-CT
scanning images, histological staining and immunohistochemical stain-
ing were also evaluated. The repair quality and characteristics of carti-
lage damage were studied in different dimensions. Emphasis was placed
on observing the expression levels of TGF-β2, TGF-β3, and Sox-9 at the
site of injury during the repair process, and the possible mechanism of
naringin drugs combined with acellular dermal matrix for the repair of
cartilage defects in rabbit knee joints was explored in depth to provide an
effective method and application basis for the treatment of knee osteo-
arthritis (Fig. 1).

2. Materials and methods

2.1. Experimental animals

Twenty New Zealand white rabbits, 3 months old, male, weighing
approximately 2.5 kg before surgery were used in this study. Each animal
was housed in a separate cage, which allowed free movement and free
access to food and water. The housing environment was maintained on a
12-h alternating light–dark cycle with temperature controlled between
21 �C and 25 �C and relative humidity between 40% and 70%. Before the
start of the experiment, all animals were acclimatized for at least 7 days.
Animal care and experiments were performed according to the guidelines
for the Care and Use of Laboratory Animals released by the United States
National Institutes of Health. This study was approved by the Animal
Ethics Review Committee of the Institute of Basic Theories of Chinese
Medicine, China Academy of Chinese Medical Sciences (approval num-
ber: 201706058, Beijing, China).
2.2. Animal model

New Zealand white rabbits were anesthetized with 3% pentobarbital
sodium (30 mg/kg) by ear vein injection. Then, rabbit knee joints were
disinfected and incised layer by layer (skin, subcutaneous tissue, muscle,
joint capsule). After exposing the knee joints, a corneal trephine (Beijing
North Sanyou Medical Devices Co., Ltd.) was applied to drill holes from
the femoral condyle to the subchondral bone at the trochlear articular
surface, with a diameter of 5 mm and a depth of 3 mm. The defect site
was filled according to the experimental protocol, and the patella was
reduced postoperatively and sutured layer by layer. All rabbits were
allowed to move their knees freely in the cage without restriction and
were observed daily for clinical symptoms. Throughout the experiment,
none of the animals were excluded due to abnormal clinical manifesta-
tions. Rabbits in each group were sacrificed in the 12th week after sur-
gery using anesthesia (Fig. 2).
2.3. Acellular dermal matrix preparation

The acellular dermal matrix was a gift from the bone bank of Beijing
Jishuitan Hospital (the Fourth Clinical Medical College of Peking Uni-
versity) and was made into the same shape as the articular cartilage



Fig. 1. Flowchart of the study. Sham group: Sham operation group; Mod group: Model group: Nar group: Naringin group; ADM group: Acellular dermal matrix group;
Nar/ ADM group: Naringin þ Acellular dermal matrix group.
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defect using a corneal trephine (Fig. 3).
2.4. Preparation of the naringin decoction

The naringin solution was prepared with 10 g of naringin and 100 ml
of deionized water. The gavage concentration (calculated on the basis of
the weight of naringin) was 0.0084 g/kg per day. According to the pa-
tient's oral Chinese medicine, a Rhizoma Drynariae dose conversion was
performed.
2.5. Grouping of experimental animals and intervention methods

Twenty New Zealand rabbits were randomly divided into five groups
(four in each group, eight knees, cartilage defects of both knee joints
were modeled in each animal except the sham operation group). The
sham operation group (Sham group): the capsule was incised and sutured
without treatment of the knee joint; The model group (Mod group): after
successful modeling of articular cartilage defects, deionized water was
intragastrically administered daily; The Naringin group (Nar group):
after successful modeling of articular cartilage defects, Naringin decoc-
tion was intragastrically administered daily; The Acellular dermal matrix
group (ADM group): after successful modeling of articular cartilage de-
fects, acellular dermal matrix was immediately implanted at the joint
defects and deionized water was intragastrically administered daily; The
Naringin þ Acellular dermal matrix group (Nar/ADM group): after
3

successful modeling of articular cartilage defects, acellular dermal matrix
was immediately implanted at the joint defects, and naringin decoction
was intragastrically administered every day (Fig. 2).

2.6. Repair scale assessment method

To order to examine the repair structure of the rabbit knee joint,
arthrotomy was performed using the same surgical approach as at the
time of modeling, and the complete bilateral knee joints were removed.
The International Cartilage Repair Society (ICRS)'s macroscopic evalua-
tion of cartilage repair scale was used to evaluate the degrees of articular
cartilage repair in the different groups. The main parameters to assess the
application were degree of defect repair, integration to the border zone,
macroscopic appearance, and overall repair assessment. The levels of
articular cartilage repair in the different groups were evaluated using a
modified O'Driscoll grading system. The main parameters to assess the
application were nature of the predominant tissue (cellular morphology,
Safranin-O staining of the matrix), structural characteristics (Surface
regularity, Structural integrity, Thickness, Bonding to the adjacent
cartilage), and freedom from cellular changes indicating degeneration
(Hypocellularity, Chondrocyte clustering, Freedom from degenerative
changes in the adjacent cartilage). All specimens were independently
identified by two professionals with intermediate titles. The investigators
who performed the evaluations were blind to the treatment.



Fig. 2. Animal model preparation, The articular cartilage defect was replaced with acellular dermal matrix, Naringin is taken orally ——— The flow chart. (A) Full
exposure of joint surface; (B) Drill holes from the femoral condyle to the subchondral bone at the trochlear articular surface;(C) Articular cartilage defect, a diameter of
5mm and a depth of 3mm;(D) Implant acellular dermal matrix into the articular cartilage defect.
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2.7. Micro-CT scan examination

To examine the structure of the rabbit knee joint, micro-CT exami-
nation was performed on the rabbit knee joint, focusing on joint structure
repair at the defect repair site. The Micro-CT was provided by the Insti-
tute of Laboratory Animal Sciences, CAMS & PUMC (Inveon CT,
SIEMENS, Munich, Germany). The specific test parameters were as fol-
lows: voltage 70 kV, current 142 A, exposure time 1475 ms, 1-mm
aluminum filter, 0.5� rotation steps, and 18 μm resolution. All data sets
were segmented with a local threshold algorithm. The obtained projec-
tion of the image used the modified Feldkamp back projection for
reconstruction. The separation of the cortex and bone was performed
with built-in software.
4

2.8. Assessments of histological staining and immunohistochemical staining

The specimens were fixed in 10% neutral formalin at room temper-
ature for 24 h. For decalcification the specimens were placed in EDTA-
buffered solution (Beijing Zhongshan Jinqiao Biotechnology Co. Ltd)
for 4 weeks. The decalcifying solution was changed twice per week. The
articular cartilage of the repaired area was cut out after obtaining satis-
factory decalcification (achieved when the syringe needle punctured the
tissue without resistance and the tissue was soft and elastic) and was
trimmed into a sheet with a thickness of 1.5 mm. Freshly prepared 4%
methanol was used for fixation for 48 h at room temperature, followed by
paraffin embedding and slicing. The specimens were cut into 4-μm thick
slices for histological and immunohistochemical staining, including H&E
staining (HE Staining Kit, Beijing Solarbio Science & Technology Co.,
Ltd.), Alcian blue staining (Alcian Blue Stain Kit, Beijing Solarbio Science



Fig. 3. Acellular dermal matrix A. Appearance; B. C. D. Electron microscope (different resolution).
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& Technology Co., Ltd.), Safranin-O staining (Safranin O-Fast Green FCF
Cartilage Stain Kit, Beijing Solarbio Science & Technology Co., Ltd.),
TGF-β2 immunostaining (rabbit anti-TGF-beta 2 antibody, Beijing Bioss
Biotechnology Co., Ltd.), TGF-β3 immunostaining (rabbit anti-TGF-beta
3 antibody, Beijing Bioss Biotechnology Co., Ltd.), and Sox-9 immuno-
staining (rabbit anti-SOX9 antibody, Beijing Bioss Biotechnology Co.,
Ltd.).

Histological staining: ① H & E staining: Slices were incubated in
xylene for 15 min twice at room temperature and dehy-drated with
gradient ethanol. Subsequently, the sections were stained with hema-
toxylin (HE staining kit; Beijing Solarbio Science& Technology Co., Ltd.)
for 5 min. Following differentiation in 1% hydrochloric acid alcohol for
2 s, the sections were incubated in ammonia water for 2 min, and stained
with eosin for 1 min. Finally, the sections were dehydrated, cleared and
mounted with neutral resin. ② Alcian blue staining: The sections were
stained with Alcian Blue Stain (Alcian Blue Stain Kit, Beijing Solarbio
Science & Technology Co., Ltd.) for 30 min, washed with running water
for 5 min, dehydrated with graded ethanol, and vitrified with dime-
thylbenzene. Then, the pieces were sealed with neutral gum.③ Safranin-
O staining: Safranin O-Fast Green staining (Safranine O-Fast Green FCF
cartilage stain kit; Beijing Solarbio Science & Technology Co., Ltd.) was
performed to observe the morphology of cartilage tissues under a light
microscope. Paraffin-embedded slices were dewaxed in xylene at room
temperature for 10 min and rehydrated with absolute alcohol for 5 min,
95% alcohol for 5 min and 80% alcohol for 5 min prior to being washed
with distilled water for 2 min. Sections were subsequently stained with
hematoxylin at 20 �C for 3 min before being washed three times with
distilled water. Hydrochloric acid (1%) and ethanol were used for 15 s at
20 �C to differentiate the slices. The slices were washed three times with
distilled water and immersed in a 0.02% Fast Green solution at 20 �C for
3 min. The stained slices were washed in 1% glacial acetic acid and
stained in 0.1% Safranin O at 20 �C for 3 min.

Immunohistochemical staining: After dewaxing and rehydration,
slides were immersed in ethylenediaminetetraacetic acid solution and
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boiled in an electric pressure cooker (2 min) for antigen retrieval. Cooling
was performed at room temperature. The sections were incubated with
3% H2O2 (Beijing Zhongshan Jinqiao Biotechnology Co. Ltd) to block
endogenous peroxidase for 10 min at room temperature before staining.
An antigen retrieval step in 10 mM citrate buffer (pH 6.0) for 10 min was
performed. Sections were blocked using normal goat serum (Zhongshan
Golden Bridge Biotechnology Co., Ltd., Beijing, China) at 37 �C for
30 min and were then incubated with immunostaining. ① TGF-β2 im-
munostaining (rabbit anti-TGF-β2 antibody, Beijing Bioss Biotechnology
Co., Ltd.) was performed to evaluate the expression and secretion of TGF-
β2. Slices were incubated with rabbit anti-TGF-β2 antibody (rabbit anti-
TGF-β2 antibody, Beijing Bioss Biotechnology Co., Ltd.; cat. no. bs-
20412R; 1:300) at 37 �C for 2 h, followed by incubation with horse-
radish peroxidase conjugated goat anti-rabbit/mouse secondary anti-
body (1:1; cat. no. PV6000; Beijing Zhongshan Jinqiao Biotechnology
Co., Ltd.) at room temperature for 30 min ② TGF-β3 immunostaining
(rabbit anti-TGF-β3 antibody, Beijing Bioss Biotechnology Co., Ltd.) was
performed to evaluate the expression and secretion of TGF-β3. Slices
were incubated with rabbit anti-TGF-β3 antibody (rabbit anti-TGF-β3
antibody, Beijing Bioss Biotechnology Co., Ltd.; cat. no. bs-1910R; 1:300)
at 37 �C for 2 h, followed by incubation with horseradish peroxidase-
conjugated goat anti-rabbit/mouse secondary antibody (1:1; cat. no.
PV6000; Beijing Zhongshan Jinqiao Biotechnology Co., Ltd) at room
temperature for 30 min ③ Sox-9 immunostaining (rabbit anti-SOX9
antibody; Beijing Bioss Biotechnology Co., Ltd.) was performed to eval-
uate the expression and secretion of SOX-9. Slices were incubated with
rabbit anti-SOX9 antibody (rabbit anti-SOX9 antibody; Beijing Bioss
Biotechnology Co., Ltd.; cat. no. bs-10725R; 1:200) at 37 �C for 2 h,
followed by incubation with horseradish peroxidase-conjugated goat
anti-rabbit/mouse secondary antibody (1:1; PV6000; Beijing Zhongshan
Jinqiao Biotechnology Co., Ltd.) at room temperature for 20 min.

Images of stained sections were recorded using an optical microscope
(Nikon Eclipse 600; Nikon Corporation) mounted with a digital camera
(Nikon DXM1200F; Nikon Corporation), and all staining was performed



Fig. 4. Gross appearance and assessment results of articular cartilage defects in the rabbit models at 12 weeks; A-E The appearance of the defect repaired when the
knee was taken (5 groups); F-G Defect repair appearance taken during measurement of knee index(5 groups); K-O Defect repair image taken during micro-CT ex-
amination of knee joint(5 groups); P The modified O'Driscoll grading system statistical analysis (*P<0.05); Q The International Cartilage Repair Society macroscopic
evaluation of cartilage repair statistical analysis(*P<0.05); Sham group: Sham operation group; Mod group: Model group; Nar group: Naringin group; ADM group:
Acellular dermal matrix group; Nar/ ADM group: Naringin þ Acellular dermal matrix group.
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according to the manufacturer's instructions.

2.9. Statistical analysis

SPSS19.0 software package (IBM Corp.) was used for statistical
analysis. Data were presented as the mean value � standard deviation.
All statistical inferences were subjected to two-sided tests. P < 0.05 was
considered to indicate a statistically significant difference. The confi-
dence interval of parameter estimation was 95%. All the data of each
group met the normal distribution. Application of Levene's test to assess
the equality of variances. Statistical differences were analyzed by one-
way analysis of variance followed by Tukey's test.
6

3. Results

3.1. Morphological observation of repaired tissue at joint defects

For the Mod group, significant depressions were observed in the
cartilage defects, some of which were filled with fibrous tissue and had
more pronounced defect boundaries with well-defined borders (Fig. 4B
and G). For the Nar group, the repair height was lower than the level of
the surrounding cartilage, the surface was not smooth, and some small
depressions could be found, which converged in the center of the defect
and were clearly demarcated from the surrounding cartilage, and the
residual fissures were still observed in the central part of the defect
(Fig. 4C and H); For the ADM group, the repair height was essentially the
same as the level of the surrounding cartilage, the newly formed tissue



Fig. 5. Histological findings of the repair tissue at articular cartilage defect sites (n¼8 knees/group). Scale bars represent 200 μm. ®H & E staining at 12 weeks in the (
A) Sham group, (B ) Mod group, (C) Nar group, (D) ADM group and (E) ADM/Nar group. Alcian blue staining at 12 weeks in the (F) Sham group, (G) Mod group, (H)
Nar group, (I) ADM group and ( J) ADM/Nar group. Safranin O staining at 12 weeks in the (K) Sham group, (L) Mod group, (M) Nar group, (N) ADM group and (O)
ADM/Nar group. Sham group: Sham operation group; Mod group: Model group;Nar group: Naringin group; ADM group: Acellular dermal matrix group; Nar/ ADM
group: Naringin þ Acellular dermal matrix group.
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was white osteoid tissue, the interface between the repaired cartilage and
the surrounding cartilage could be observed, and its surface was less
smooth (Fig. 4D and I). For the ADM/Nar group, the new tissue was
bright, smooth, tough, elastic, flush with the adjacent articular surface,
and presented the same white color as the surrounding cartilage tissue,
and the repair boundary was essentially not observed (Fig. 4E and J).

3.2. Micro-CT scanning observation of repair tissue in joint defects

Micro-CT scan findings were generally consistent with the morpho-
logic observations. For the Mod group, the cavity area of the defect was
larger, a clear defect was left, and no obvious repair was observed
(Fig. 4L). For the Nar group, there were residual defects at the defect site,
but they were smaller than those in the Mod group, in which more dense
tissues were repaired (Fig. 4K). For the ADM group, the repair of the
defect was smooth, and the defect was essentially filled with new tissue,
but there was a clear repair boundary with the normal tissue (Fig. 4N).
For the ADM/Nar group, the repair of the defect was obvious, flush with
the surface of the adjacent articular surface, the new tissue was closely
combined with the normal tissue around the defect, the density of the
repaired tissue was similar to that of the normal tissue, and the repair
boundary was blurred, yet the layers of cartilage and subchondral bone
were clear (Fig. 4O).

3.3. Comparison of the international cartilage repair society (ICRS)'s
macroscopic evaluation of cartilage repair scale and the modified O'Driscoll
grading system scores

Two professionals quantitatively assessed each sample according to
scale-related items. The repair contents of main concern included Degree
of defect repair, Integration to border zone, Macroscopic appearance,
overall repair assessment, nature of the predominant tissue (cellular
morphology, Safranin-O staining of the matrix), structural characteristics
(surface regularity, Structural integrity, Thickness, Bonding to the adja-
cent cartilage), and freedom from cellular changes indicating degenera-
tion (hypocellularity, chondrocyte clustering, and freedom from
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degenerative changes in adjacent cartilage). The scores of the above two
scales in each group were statistically analyzed, and the results showed
that from the score point of view, the Nar group was superior to the Mod
group, the ADM/Nar group was superior to the AMD group, the Nar
group was superior to the Mod group, and the ADM/Nar group was su-
perior to the Nar group. In conclusion, the ADM/Nar group had the best
repair effect compared with the other four groups. The differences in the
above groups were statistically significant (P < 0.05) (Fig. 4P and Q).

3.4. Histological staining observation of repaired tissues at joint defects

H & E staining: For the Mod group, there was no repair on the surface
of the cartilage defect, a large amount of irregular fibrous tissue was
observed, the boundary of the defect was obvious, new cartilage was not
observed, the tidal line was blurred, and mild erosion was observed on
the surface of the defect (Fig. 5B). For the Nar group, obvious repaired
cartilage was observed at the cartilage defect, and the chondrocyte
morphology was satisfactory, but the chondrocyte level was not clear,
and a clear boundary was observed with the surrounding normal tissue
(Fig. 5C). For the ADM group, the cartilage defect repair tissue was well
connected with the surrounding normal tissue, yet the boundary was still
visible, the surface was less smooth, a little hyaline cartilage-like tissue
could be covered on the scaffold surface, it was filled with uniform
fibrous tissue, the chondrocytes were disorganized, and the tidal line was
visible but discontinuous (Fig. 5D). For the ADM/Nar group, the new
tissue was well integrated with the surrounding normal tissue, showing
hyaline cartilage-like tissue regeneration, uniform arrangement of
chondrocytes, smooth surface, blurred boundary, an obvious tidal line
between the cartilage layer and the subchondral bone layer, and new
cartilage (Fig. 5E).

Alcian blue staining: For the Mod group, the defect was obvious, the
repair of cartilage matrix was not seen, the cartilage matrix was ruptured
and severely lost, and the articular surface was incomplete (Fig. 5G). For
the Nar group, significant cartilage matrix repair was observed at the
defect, with darker staining in the deep part of the joint and lighter color
and uneven distribution in the superficial part of the joint (Fig. 5H). For



Fig. 6. Immunohistological findings of the repair tissue at articular cartilage defect sites (11¼8 knees/group). Scale bars represent 200 μm.①TGF-β 2 immunostaining
at 12 weeks in the (A) Sham group. (B) Mod group. (C) Nar group, (D) ADM group and (E) ADM/Nar group. ②TGF-β 3 immunostaining at 12 weeks in the (F) Sham
group, (G) Mod group, (H) Nar group, (I) ADM group and (J) ADM/Nar group. ③Sox-9 immunostaining at 12 weeks in the (K) Sham group, (L) Mod group, (M) Nar
group, (N) ADM group and (O) ADM/Nar group. Sham group: Sham operation group; Mod group: Model group: Nar group: Naringin group; ADM group: Acellular
dermal matrix group;Nar/ ADM group: Naringin þ Acellular dermal matrix group.
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the ADM group, discontinuous cartilage matrix expression was observed
with uneven color, yet the repair was denser and the articular surface was
smoother (Fig. 5I). For the ADM/Nar group, the cartilage matrix repair
was continuous, the proteoglycan content was abundant, the hyaline
cartilage layer was uniform, the cartilage matrix proteoglycan staining
positive areas were balanced, the articular surface was continuous, and
the staining was uniform (Fig. 5J).

Safranin-O staining: For the Mod group, the cartilage defect surface
showed no red color, indicating that there was no new cartilage matrix,
and the chondrocytes were empty of staining (Fig. 5L). For the Nar group,
obvious new cartilage tissue was observed, but the distribution was not
uniform and not smooth with the defect surface (Fig. 5M). For the ADM
group, a small amount of red color and poor continuity were observed,
indicating the occurrence of cartilage tissue repair, yet the amount was
limited (Fig. 5N). For the ADM/Nar group, a large number of red areas
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connected to each other were observed, indicating the generation of new
cartilage tissue, deep staining of the cartilage surface, obvious new
chondrocytes and dense cartilage tissue in the repaired area, close
combination of new tissue with the surrounding normal tissue without
gaps, the new cartilage was similar to normal tissue in shape and thick-
ness, and the repair boundary of the defect was no longer obvious
(Fig. 5O).
3.5. Immunohistochemical staining of repaired tissue at joint defects

Staining for TGF-β2, TGF-β3 and Sox-9: For the Mod group, expres-
sion of the above proteins was not observed in the defect (Fig. 6B, G and
L). For the Nar group, significantly expressed TGF-β2, TGF-β3, and Sox-9
proteins were observed at the defect, and the expressed proteins were
relatively uniform after magnified observation, yet a clear boundary was
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observed between them and normal tissues (Fig. 6C, H and M). For the
ADM group, although expression of the above proteins was observed, the
number of secretions was less than that in the Nar group, and a more
satisfactory repair structure was observed after magnifying observation
(Fig. 6D, I and N). For the ADM/Nar group, extensive TGF-β2, TGF-β3,
and Sox-9 protein expression was observed, which was similar to the
surrounding normal tissues. After magnified observation, the expression
of the above proteins was uniform and smoothly distributed on the joint
surface, and the chondrocytes were evenly arranged with a clear struc-
ture, similar to the normal tissues in morphology and thickness (Fig. 6E, J
and O).

4. Discussion

The main pathological manifestations of osteoarthritis include artic-
ular cartilage injury, subchondral bone remodeling, and osteophyte for-
mation, which can accumulate throughout the joint [14]. Among them,
articular cartilage injury is a typical pathological change. Articular
cartilage has the function of bearing gravity load and providing a lubri-
cated articular surface. Chondrocytes were mainly located in the carti-
lage lacunae of the extracellular matrix. Chondrocytes produce and
maintain extracellular matrix and can synthesize type II collagen and
proteoglycan. The extracellular matrix is mainly composed of type II
collagen and proteoglycan. Knee osteoarthritis is closely related to the
abnormal condition of cartilage [15]. Knee cartilage injury is one of the
important pathophysiological mechanisms of knee osteoarthritis. Carti-
lage injury can lead to the reduction of joint space, which will lead to
friction between bone surfaces, resulting in pain and limited joint activity
[16]. Articular cartilage injury is the core feature of knee osteoarthritis
[17].

Articular cartilage lacks direct nutrition and chondrocytes with
effective migration ability; thus, its self-repair ability is very weak. In the
process of repair, both chondrocyte repair and extracellular matrix repair
are important for restoring joint function. Due to the lack of undiffer-
entiated chondrocytes in articular cartilage defects, chondrocytes them-
selves are enclosed in a dense and firm solid matrix of collagen
glycoprotein molecules; therefore, implantation of tissue engineering
scaffold materials has a positive effect on the repair of structures. Many
researchers have performed in-depth studies of cell-free biological scaf-
folds, which are composed of extracellular matrix with varying degrees of
structural collagen and carbohydrate preservation. The reattachment,
migration, differentiation and proliferation of this scaffold provide a
perfect natural environment [18]. Acellular biological matrices have
been applied in the repair of a variety of tissues (e.g., myocardium, skin
cartilage) [19] and are especially widely used in the repair of articular
cartilage injuries [20].

The acellular dermal matrix material used in this study allowed the
differentiated intercellular cells of bone tissue to migrate to the defect
site, and the repair of cartilage defects was performed according to the
specific morphology of the scaffold material. This acellular dermal matrix
material has been patented to completely preserve the basement mem-
brane on the surface of the papillary dermis and provide favorable sup-
port for tissue repair. The main component of this material is collagen,
which has some mechanical strength, good biocompatibility and plas-
ticity. Because of its high porosity, it facilitates both the attachment and
ingrowth of cells, as well as the penetration of nutrients and the excretion
of metabolites.

Natural resources rich in naringin have been found to have significant
advantages for biomedical applications [21]. Rhizoma Drynariae is a
traditional Chinese medicine that has the effect of “strengthening kidney
and bone”. It is widely used in the treatment of a variety of bone and joint
diseases and has a good clinical effect. Naringin is one of the main active
ingredients of Rhizoma Drynariae, which has the effect of treating
cartilage injury caused by osteoarthritis [22]. Huang Junbo et al. applied
naringin combined with sustained-release microspheres to repair carti-
lage damage in rabbits, and the cartilage defect was repaired well [23].
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Yunpeng Zhao et al. found that naringin can slow down the catabolism of
chondrocytes, reduce the degradation of cartilage matrix [24], and
induce the differentiation of bone marrow stem cells into chondrocytes
[25]. These studies highlight the potential of naringin in the treatment of
cartilage injury, which can help repair the cartilage injury site and restore
it to a better state.

Micro-CT provides high-resolution ultrastructural imaging of bone
and cortical bone, producing accurate and clear three-dimensional
anatomical images for small animal studies. It can distinguish changes
in the bone tissue structure and is used to evaluate the morphological
characteristics of the structure. The repair of bone structure at articular
cartilage defects is very important for the recovery of joint function. The
repair of bone structure at ADM defects is satisfactory, indicating that
acellular dermal matrix material plays an important role in the repair of
bone structure below the injury. The change in subchondral bone in
osteoarthritis will lead to cartilage loss, while cartilage injury will have a
negative impact on subchondral bone [26]. The repair of subchondral
bone is the basis of cartilage repair. The Nar/ADM group showed that the
best bone repair occurred at articular cartilage defects. The ADM group
was the second, indicating that acellular dermal matrix material plays an
important role in bone repair.

HE staining was used to observe the morphological structure of the
tissue and the morphological changes of chondrocytes. Safranin-O was
combined with chondroitin sulfate and keratan sulfate, and the distri-
bution and content of proteoglycans in the extracellular matrix could be
observed. Alcian blue staining showed blue staining in the sulfate-rich
cartilage lacunae. In the ADM group, the repaired flat articular surface
could be seen in the defect, its relationship with the surrounding tissue
boundary appeared to be fused, and the boundary with the surrounding
cartilage was blurred. The ADM group had satisfactory repair of the joint
structure at the defect, but the repair quality of chondrocytes and carti-
lage extracellular matrix was poor. In the Nar group, resecreted proteo-
glycan expression was observed, and the cartilage quality repair was
satisfactory, though the structural repair was not satisfactory. The Nar/
ADM group achieved satisfactory results in both joint structure repair and
cartilage quality repair at the defect site.

The TGF-β/Smad signaling pathway is closely related to the devel-
opment of osteoarthritis [27]. Abnormal changes in this signaling
pathway play a key role in the process of cartilage degeneration [28],
which can lead to the loss of cartilage phenotype [29] and is significantly
associated with the pathological changes of osteoarthritis [30]. TGF-β
exerts its biological effects mainly through the TGF-β/ALK5/Smad2/3
signaling pathway, which acts mainly by binding to the type I receptor
ALK5 on the cell surface and activating Smad2/3 phosphorylation [31],
which can inhibit chondrocyte terminal differentiation, thereby pre-
venting articular cartilage matrix calcification and vascular invasion
[32]. During the transduction of this pathway, TGF-β is an upstream
signaling protein that has been found to be involved in the synthesis and
degradation of articular cartilage in recent studies [33].

There are a total of three isoforms of TGF-β, TGF-β1, TGF-β2, and TGF-
β3, and chondrocytes respond to all three isoforms and participate in
chondrogenesis [34]. TGF-β protein can induce stem cell aggregation and
chondrogenic differentiation [35], inhibit chondrocyte terminal differ-
entiation, block chondrocyte matrix calcification and vascular ingrowth,
and thus maintain the integrity of the cartilage extracellular matrix. This
protein is the initiating signal of the TGF-β/ALK5/Smad2/3 signal
transmission pathway. At present, there have been in-depth studies on
TGF-β1. TGF-β1 can stimulate cartilage formation, the growth of articular
chondrocytes and cartilage repair [36], which are essential for main-
taining cartilage formation and differentiation [37]. TGF-β1 can induce
chondrocytes to form intercellular communication through gap junctions
[38] and can promote the proliferation of chondrocytes [39]. TGF-β1 can
promote the maintenance of the phenotype of healthy articular chon-
drocytes by upregulating key glycolytic factors [40]. Though studies on
TGF-β2 and TGF-β3 are still scarce, this study used TGF-β2 and TGF-β3 as
the main indicators for in-depth study.



Fig. 7. Naringin promote the quality repair of cartilage defects, and acellular dermal matrix promote the structure repair of cartilage defects, and satisfactory repair
effect can be obtained by combined application, This repair effect may be associated with naringin activating TGF-β/ALK5/Smad signaling pathways, resulting in
increased expression of TGF-β2, TGF-β3 and SOX9 in cartilage defects.
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TGF-β2 can play important roles in the growth and differentiation of a
variety of cells. Interstitial cells can be induced by TGF-β2, which con-
verts them into chondrocytes, and the effect of promoting chondro-
genesis may be achieved by prompting SMAD2 phosphorylation [41].
TGF-β3 has the ability to induce chondrocyte proliferation. In addition, it
regulates chondrocyte differentiation and extracellular matrix synthesis.
TGF-β3 can change from type I collagen to type II collagen in advance of
TGF-β1-induced chondrogenic differentiation [42]. TGF-β3 can induce
chondrogenic differentiation of cells, increase extrachondral matrix
components, and synthesize glycosaminoglycan sulfate [43]. Through
the observation of TGF-β2 and TGF-β3, it was found that the above factors
were significantly highly expressed in the repaired tissues of knee
cartilage defects in the Nar/ADM and Nar groups. However, the
expression of TGF-β2 and TGF-β3 was not obvious in the Sham and Mod
groups, indicating that naringin could promote the protein expression of
TGF-β2 and TGF-β3 and then promote the repair of articular cartilage
defects.

The TGF-β/ALK5/Smad2/3 signaling pathway can promote cartilage
development by regulating the expression of Sox-related genes. Sox-9,
one of the key transcription factors that maintains chondrocyte pheno-
type and cartilage homeostasis [44], plays a key role in chondrogenesis
[45] and can be regarded as a downstream factor of the
TGF-β/ALK5/Smad2/3 signal transmission pathway. It is closely related
to the extracellular matrix metabolism of articular cartilage, and Sox-9
promotes the transcription of the type II collagen gene by activating
the 48-bp cartilage enhancer located in the first intron within the type II
collagen gene [46], inducing Sox-9 to initiate chondrogenesis [47].
Cartilage Sox-9 gene-deficient mice fail to form cartilage, while human
Sox-9 gene mutations cause cartilage dysplasia, resulting in trunk
dysplasia [48]. In the presence of naringenin (Nar group, Nar/ADM
group), Sox-9 expression was significantly higher in the repaired tissues
of knee cartilage defects. Combined with the increased expression of
TGF-β2 and TGF-β3 described above, it can be speculated that naringin
plays a role in the repair of articular cartilage defects by promoting TGF-β
protein expression, which in turn activates the TGF-β/ALK5/Smad2/3
signal transmission pathway, resulting in high expression of Sox-9.

5. Outlook

The TGF-β/ALK5/Smad2/3 signaling pathway is a part of the TGF-
10
β/Smad signaling pathway, and the following work can also be consid-
ered in future in-depth studies: (1) What is the initiating factor of the
activation of the TGF-β/Smad signaling pathway by naringin? (2) Does
naringin have a role in enhancing the recruitment of mesenchymal stem
cells in the bone marrow below the articular cartilage defect? (3) When
cell experiments are performed, different concentrations of naringin
should be studied to determine the different effects on chondrocytes; (4)
In the treatment of knee osteoarthritis with naringin in patients with the
syndrome of Liver and Kidney Deficiency, does the activation of TGF-
β/ALK5/Smad2/3 signal transduction pathway play a key role in the
curative effect? (5) In the process of defining naringin's effect on the
directional differentiation of bone marrow mesenchymal stem cells, the
specific mechanism of action and the characteristics of the TGF-β/ALK5/
Smad2/3 signal transduction pathway should be elucidated.

6. Conclusions

Oral administration of naringin, the active ingredient of Rhizoma
Drynariae, and implantation of acellular dermal matrix into joint defects
can repair cartilage defects in rabbit knee joints. Among them, naringin
has a better effect on the repair of cartilage quality at the defect, acellular
dermal matrix has a better effect on the repair of joint structure at the
defect, and the combined application can achieve the optimal repair ef-
fect. On the basis of acellular dermal matrix providing better structural
repair, the appearance of this repair effect may be associated with nar-
ingin activating the TGF-β/ALK5/Smad2/3 signal transmission pathway,
with the result that TGF-β2, TGF-β3, and Sox-9 are more highly expressed
in cartilage defects (Fig. 7).
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