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Abstract
Background  This study aimed to investigate the role and mechanism of the Akt2 pathway in different stages of 
anterior disc displacement (ADD)-induced temporomandibular joint osteoarthritis (TMJOA).

Methods  A rat model for TMJOA that simulates anterior disc displacement was established. For inhibit Akt2 
expression in subchondral bone, rats were intravenously injected with adeno-associated virus carrying Akt2 shRNA 
at a titer of 1 × 1012 transducing units/mL 10 days before the ADD or sham operations. The rats were euthanized 
and evaluated 1 or 8 weeks after surgery, as these time points represented the early or advanced stage of ADD. 
Immunostaining was performed to examine the expression and location of phosphorylated Akt2 in different stages 
of ADD. Microcomputed tomography, hematoxylin and eosin staining, toluidine blue staining, Western blotting, 
immunohistochemical and immunofluorescence staining were used to elucidate the pathological changes and 
potential mechanisms underlying ADD-induced TMJOA.

Results  In the rat model of ADD-induced TMJOA, rapid condylar bone loss occurred with increased phosphorylation 
of Akt2 in subchondral bone macrophages within 1 week post-surgery. At 8 weeks after surgery, abnormal 
remodeling of subchondral bone and degenerative changes in cartilage were observed. Inhibiting Akt2 reduced 
condylar bone resorption following ADD surgery while improving condylar bone morphology at 8 weeks post-
surgery. Additionally, inhibition of Akt2 alleviated cartilage degeneration characterized by a decreased number of 
apoptotic chondrocytes, reduced expression of matrix metalloproteinases, and increased collagen type II expression 
in cartilage tissue.

Conclusions  The Akt2 pathway is activated mainly in subchondral bone macrophages during the early stage of 
ADD and plays an important role in regulating subchondral bone remodeling. Inhibition of Akt2 could serve as a 
prophylactic treatment to slow the progression of ADD-induced TMJOA.
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Background
Osteoarthritis (OA) is one of the most prevalent chronic 
degenerative diseases, and involves articular cartilage 
degeneration, subchondral bone remodeling, and syno-
vial inflammation [1]. As a susceptible site of OA, the 
temporomandibular joint (TMJ) is capable of active bone 
remodeling and a rapid response to mechanical stimula-
tion [2–5]. The main clinical manifestations of TMJOA 
include orofacial pain, joint sounds, and limited jaw 
movements, which severely impact both patients’ quality 
of life and aesthetics [6–8]. Anterior disc displacement 
(ADD) is considered a major cause of TMJOA [9, 10]. 
As the pathogenesis of ADD-induced TMJOA has not 
been fully elucidated, current treatment strategies gen-
erally focus on pain relief but not on preventing disease 
progression. Most patients with advanced-stage TMJOA 
experience irreversible cartilage degeneration and bone 
sclerosis and have to undergo joint replacement surgery 
to restore joint function, resulting in a substantial social 
and economic burden [11]. Thus, strategies to prevent 
the progression of TMJOA and improve the structure of 
the articular cartilage and subchondral bone are urgently 
needed.

The Akt signaling pathway is sensitive to changes in 
the microenvironment and is associated with various 
diseases, including cancer, diabetes, and arthritis [12–
14]. Previous studies have often treated the Akt family 
as a single entity that regulates inflammatory responses 
through the modulation of its upstream and downstream 
genes [15, 16]. Nevertheless, recent investigations have 
revealed that different Akt isoforms exert distinct effects 
on many biological processes, such as cell survival, pro-
liferation, and differentiation [17, 18]. Akt2 is one of the 
three closely related serine/threonine-protein kinases 
in the Akt family. Many studies have suggested that 
inhibition of Akt2 induces macrophage M2 phenotype 
polarization and locally reverses the proinflammatory 
microenvironment [19–21]. However, the regulatory role 
of Akt2 and its potential mechanism in ADD and TMJOA 
have not been reported. Our earlier work revealed that 
Akt2 inhibition could reduce osteoclast formation and 
attenuate condylar subchondral bone loss in early-stage 
ADD-induced TMJOA [22], but whether Akt2 inhibition 
could improve condylar bone morphology and alleviate 
cartilage degeneration has yet to be determined.

As such, this study aimed to determine the role and 
underlying mechanism of the Akt2 pathway in different 
stages of ADD. We hypothesized that selective inhibition 
of Akt2 could alleviate the progression of ADD-induced 
TMJOA by preventing condylar subchondral bone loss. 
To assess this hypothesis, we established a rat ADD 
model, Akt2 was knocked down, the expression and loca-
tion of phosphorylated Akt2 in different stages of ADD 

were investigated, and the pathological changes and 
potential mechanisms involved were elucidated.

Methods
Animal model
Eight-week-old male Sprague‒Dawley rats were pur-
chased from Vital River Laboratory (China). All the ani-
mals were fed in a specific pathogen-free environment 
with a 12  h light/dark cycle at room temperature and 
easy access to food and water. For determination of the 
pathological changes in different stages of ADD-induced 
TMJOA, the rats were randomly divided into the sham 
and ADD groups (n = 3).

For induction of ADD, the rats were anesthetized via 
an intraperitoneal injection of 1% pentobarbital sodium. 
Under sterile surgical conditions, the right TMJ was 
exposed. In the experimental group, a sterile silk suture 
(5‒0) was passed through the posterior band of the disc 
vertically and anchored to the bend point of the zygo-
matic arch, which displaced the disc from the upper sur-
face to the anterior surface of the condyle. In the sham 
group, the disc was separated from the condyle but not 
displaced.

Adeno-associated virus (AAV) infection
For specific knockdown of Akt2 in rats, an AAV carry-
ing Akt2 shRNA (shAkt2) or negative control (shCtrl) 
(Genechem Ltd., China) was injected intravenously on 
the 10th day before surgery. For evaluation of the effects 
of Akt2 inhibition, the rats were randomly divided into 
3 groups (n = 5): the sham + shCtrl, ADD + shCtrl, and 
ADD + shAkt2 groups. The rats were euthanized at 1 
week or 8 weeks after surgery. The transfection efficacy 
of the AAVs was routinely assessed via Western blot-
ting and immunofluorescence staining (Supplementary 
Figs. 1, 2).

Magnetic resonance imaging (MRI)
MRI was used to confirm whether the TMJ disc had 
undergone anterior displacement after surgery. The rats 
were first anesthetized with isoflurane (5% for induction 
and 1% for maintenance) and O2. Then, pentobarbital 
sodium (0.05 mg/kg) was injected intraperitoneally. The 
MR images of the TMJs were acquired on a 9.4T Bruker 
system (PharmaScan, Bruker, Germany) with an 86 mm 
volume coil for transmission and a 2 cm × 2 cm phased-
array surface coil to receive the signal (ParaVision Ver-
sion 7.0.0 for MRI acquisitions). After the magnetic field 
homogeneity was optimized, TurboRARE T2-weighted 
anatomical images were acquired with the following 
parameters: repetition time = 3000 ms; echo time = 34 ms; 
field of view = 25 × 25 mm2; voxel size = 0.065 × 0.065 × 0.4 
mm3; and total acquisition time = 1152 s.
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Microcomputed tomography (micro-CT)
Micro-CT was used to analyze condylar subchondral 
bone mass according to our previously reported method 
[22]. In brief, the TMJs were fixed in 10% formalin over-
night and scanned at 80 kV, 500 µA, and 33.658 μm pixel 
size (Inveon, Siemens, Germany). Radiographs were 
reconstructed and analyzed with Inveon Research Work-
place software. Given that the most obvious TMJOA 
bone changes occurred in the condylar head region 
(especially the condylar surface), the region of interest 
covering the condylar head and a total of 70 consecutive 
cross-sectional images from the most superior point of 
the condylar head were utilized.

Hematoxylin and eosin staining and immunological 
staining
The TMJ samples were cut into 5-µm paraffin sections 
for hematoxylin and eosin (H&E), toluidine blue (TB) 
and immunohistochemical staining and into 10-µm fro-
zen sections for immunofluorescence staining. H&E 
staining and TB staining were performed following the 
instructions of the staining kits (Solarbio Science and 
Technology, Ltd., China). The modified Mankin scoring 
system was used to evaluate cartilage and bone dete-
rioration [23]. Immunohistochemical and immunofluo-
rescence staining were performed as described in our 
previous study [22]. Antibodies against CD68 (Bio-Rad, 
USA), CTSK (Abcam, USA), and OCN (R&D, USA) were 
used to observe subchondral bone remodeling; COL2A1 
(Novus Biologicals, USA), MMP3 (Proteintech, China), 
and cleaved caspase-3 (Cell Signaling Technology, USA) 
antibodies were used to observe cartilage degenerative 
status; and a p-Akt2 (Bioss, China) antibody was used to 
visualize the expression and location of p-Akt2 in TMJs.

Western blot
Condylar cartilage or subchondral bone tissues were 
lysed in RIPA lysis buffer (Solarbio) supplemented with 
phenylmethylsulfonyl fluoride and a protease and phos-
phatase inhibitor (Sigma‒Aldrich). The lysates were cen-
trifuged at 12,000 × g for 30 min at 4 °C. Then, the total 
protein concentration was measured with a bicinchoninic 
acid (BCA) protein assay kit (Thermo Scientific, USA). 
An aliquot of protein was subjected to SDS‒PAGE and 
transferred electrophoretically to polyvinylidene fluoride 
membranes (Millipore, USA). After being blocked with 
5% bovine serum albumin, the membranes containing the 
cartilage tissue lysates were incubated at 4  °C overnight 
with primary antibodies against cleaved caspase-3, cas-
pase-3, MMP3, COL2A1, and β-actin. The membranes 
containing bone tissue lysates were incubated with anti-
bodies against Akt2, COL1A1, OCN, and β-actin. After 
washing, the blots were probed with HRP-conjugated 
secondary antibodies at room temperature for 1  h and 

subjected to enhanced chemiluminescence detection 
(Thermo Fisher Scientific). The intensity of each band 
was quantified by ImageJ and normalized to the density 
of the internal control.

Statistical analysis
The data are expressed as the means ± standard errors 
of the means (SEMs). The experiments were repeated at 
least 3 times. One-way ANOVA with a post hoc Bonfer-
roni’s multiple comparison test or an unpaired t test was 
employed to analyze these datasets (Prism 7.0, GraphPad 
Software, USA). Differences were considered statistically 
significant at P values < 0.05.

Results
Subchondral bone loss precedes condylar degenerative 
changes in the early stage of ADD
To clarify the pathological changes in the condylar car-
tilage and subchondral bone after disc displacement, we 
established a rat ADD model and histologically observed 
the progression of ADD. Through MRI of the TMJs 
immediately after surgery, we confirmed that the TMJ 
disc was displaced anteriorly to the condyle after ADD 
surgery (Supplementary Fig.  3). Condylar subchondral 
bone loss occurred rapidly within the first week after 
ADD surgery, manifesting as condylar cortex discontinu-
ity and condylar surface erosion, which resembled early-
stage TMJOA-related bone changes in humans (Fig. 1A). 
Micro-CT analysis showed lower values of bone mineral 
density (BMD) and trabecular thickness (Tb.Th) in the 
ADD group than in the sham group (Fig. 1B, C). In addi-
tion, the numbers of CD68+ macrophages and CTSK+ 
osteoclasts in the osteochondral junction, which are con-
sidered early-stage TMJOA changes, were increased in 
the ADD 1w group (Fig.  1D-G). At 8 weeks after ADD 
surgery, the modified Mankin score, which is used to 
evaluate cartilage and bone deterioration of the TMJ, 
increased (Fig. 2A-C). Western blot analysis revealed that 
the level of matrix metalloproteinase-3 (MMP3) gradu-
ally increased as early as 2 weeks and persisted until 8 
weeks after ADD surgery, whereas the number of apop-
totic chondrocytes dramatically increased 8 weeks later 
(Fig.  2D-F). Moreover, immunohistochemical staining 
verified that the number of cleaved caspase-3-positive 
cells and MMP3-positive cells in the cartilage increased 
(Fig. 2G-J). In addition, micro-CT analysis revealed that 
both BMD and Tb.Th increased (Fig.  1A-C), and the 
number of OCN+ osteoblasts in subchondral bone also 
increased 8 weeks later (Fig. 2K, L), which indicated that 
degenerative changes such as cartilage degradation and 
excessive bone formation dominated in this stage. Taken 
together, these data suggest that subchondral bone loss 
precedes degenerative changes in condylar cartilage and 
subchondral bone in the ADD model.
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The Akt2 pathway is activated in subchondral bone 
macrophages in the early stage of ADD
To study the activation of the Akt2 pathway in TMJs in 
vivo, we observed the expression and location of p-Akt2 
via immunohistochemistry. As shown in Fig.  3A-F, the 
number of p-Akt2-positive cells, primarily in subchon-
dral bone, significantly increased in the rat model at 1 
week after ADD, with subchondral bone loss, indicating 
early-stage TMJOA. Additionally, immunofluorescence 
costaining revealed that the number of p-Akt2 and CD68 
double-positive cells was significantly increased in the 
subchondral bone at 1 week after ADD surgery, indicat-
ing that the Akt2 pathway was activated in subchondral 
bone macrophages in the early stage of ADD (Fig. 3G, H).

Akt2 inhibition prevents subchondral bone loss in the early 
stage of ADD
Our previous study demonstrated that the Akt2 path-
way plays essential roles in osteoclast precursor cell 
differentiation and mature osteoclast bone resorption 
[22]. Therefore, we investigated the effects of shAkt2 
in the early stage of ADD. Micro-CT analysis revealed 
that, compared with those in the shCtrl-treated group, 
subchondral bone loss was partially attenuated in the 
shAkt2-treated group 1 week after ADD, with higher val-
ues of BMD, the ratio of bone volume to tissue volume 
(BV/TV), and Tb.Th but lower values of the ratio of bone 
surface area to bone volume (BS/BV) (Fig.  4A-E). Fur-
thermore, the secretion of CTSK, which is involved in 
osteoclast formation and bone resorption, was decreased 
in the osteochondral junction 1 week after ADD in the 
shAkt2-treated rats (Fig. 4F, G).

Fig. 1  Condylar subchondral bone loss was rapidly occurred in the early stage of ADD. (A) Micro-CT images of the condyles at 1-week and 8-week after 
sham or ADD surgery. The yellow arrows show articular surface erosion. Scale bar: 1 mm. (B, C) Quantitative analysis of BMD (B) and Tb.Th (C) in subchon-
dral bone of the TMJ condylar heads determined by micro-CT measurements at 1-week and 8-week after sham or ADD surgery. Statistical analysis was 
determined by one-way ANOVA with Bonferroni’s multiple comparison test. (D, E) Representative images (D) and quantitative analysis (E) of CD68+ cells 
in subchondral bone of condyles at 1-week and 8-week after sham or ADD surgery. The black dotted line represents the demarcation between articular 
cartilage and subchondral bone. Scale bar: 100 μm. (F, G) Representative images (F) and quantitative analysis (G) of CTSK+ cells in subchondral bone of 
condyles at 1-week and 8-week after sham or ADD surgery. The black dotted line represents the demarcation between articular cartilage and subchon-
dral bone. Scale bar: 100 μm. The data were presented as mean and SEM. Unpaired t test was used to compare the differences between sham and ADD 
surgery at the same time point. * P < 0.05. ** P < 0.01. n = 3 per group

 



Page 5 of 11Feng et al. Arthritis Research & Therapy           (2025) 27:43 

Fig. 2  Condylar cartilage degeneration occurred in the advanced stage of ADD. (A) Representative images of H&E staining in TMJ sagittal sections at 
1-week and 8-week after sham or ADD surgery. Scale bar: 500 μm. (B) Representative images of TB staining in TMJ sagittal sections at 1-week and 8-week 
after sham or ADD surgery. Scale bar: 500 μm. (C) Quantitative analysis of modified Mankin score of condyles at 1-week and 8-week after sham or ADD 
surgery. (D) Representative Western blotting bands showing the expression of MMP3, Cas-3, Clv. Cas-3, and β-actin in condylar cartilage at different time 
points after ADD surgery. The time points from left to right: 0 days (baseline), 3 days, 1 week, 2 weeks, 4 weeks, and 8 weeks. (E, F) Quantitative analysis of 
the relative intensity of MMP3 (E) and Clv. Cas-3 (F). The level of MMP3 was normalized to β-actin. The level of Clv. Cas-3 was normalized to Cas-3. Statistical 
analysis was determined by one-way ANOVA with Bonferroni’s multiple comparison test. (G, H) Representative images (G) and quantitative analysis (H) of 
Clv. Cas-3+ cells in condylar cartilage at 1-week and 8-week after sham or ADD surgery. Scale bar: 50 μm. (I, J) Representative images (I) and quantitative 
analysis (J) of MMP3+ cells in condylar cartilage at 1-week and 8-week after sham or ADD surgery. Scale bar: 50 μm. (K, L) Representative images (K) and 
quantitative analysis (L) of OCN+ cells in condylar cartilage at 1-week and 8-week after sham or ADD surgery. Scale bar: 50 μm. The data were presented as 
mean and SEM. Unpaired t test was used to compare the differences between sham and ADD surgery at the same time point. ** P < 0.01. n = 3 per group
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Akt2 inhibition improves subchondral bone morphology in 
the advanced stage of ADD
Given the promising anti-bone-resorption function of 
shAkt2, we explored the potential therapeutic effects of 
shAkt2 against ADD-induced TMJOA progression in 
vivo. Eight weeks after ADD surgery, the TMJs devel-
oped condylar surface flattening, extensive sclerosis, and 
joint deformity, which were considered advanced-stage 
TMJOA bony changes. However, the shAkt2 treatment 
group presented less abnormal condylar bone remodeling 
with a reduced severity of sclerosis, and the morphology 
of the condyles improved. Compared with the shCtrl-
treated group, the shAkt2-treated group presented sig-
nificantly lower values of BMD, BV/TV, and Tb.Th but 
higher values of BS/BV by 8 weeks after ADD (Fig. 5A-E). 
In addition, Western blot analysis and immunofluores-
cence staining revealed that the expression levels of colla-
gen type I and OCN were reduced (Fig. 5F-J), indicating 
that shAkt2 treatment attenuated bone sclerosis in the 
advanced stage of ADD.

Akt2 inhibition attenuates articular cartilage degeneration 
in the advanced stage of ADD
We next assessed whether shAkt2 helps prevent articu-
lar cartilage degeneration after ADD surgery. West-
ern blot analysis revealed that cartilage degeneration 
occurred at 8 weeks after ADD surgery, whereas shAkt2 
treatment attenuated cartilage degeneration (Fig. 6A-D). 
Specifically, compared with those in the shCtrl-treated 
group, the number of collagen type II-positive cells was 
increased, and the number of MMP3-positive cells was 
decreased at 8 weeks after ADD in the shAkt2-treated 
group, which implied that the degradation of the cartilage 
extracellular matrix was alleviated (Fig. 6E‒G). Immuno-
fluorescence staining revealed that the number of cleaved 
caspase-3-positive cells in the cartilage decreased sig-
nificantly, indicating that the number of apoptotic chon-
drocytes was reduced at 8 weeks after shAkt2 treatment 
(Fig. 6E, H).

Fig. 3  Akt2 pathway is activated in subchondral bone macrophages in the early stage of ADD. (A, B) Representative images (A) and quantitative analysis 
(B) of p-Akt2+ area in synovium at 1-week and 8-week after sham or ADD surgery. Scale bar: 50 μm. (C, D) Representative images (C) and quantitative anal-
ysis (D) of p-Akt2+ area in cartilage at 1-week and 8-week after sham or ADD surgery. Scale bar: 50 μm. (E, F) Representative images (E) and quantitative 
analysis (F) of p-Akt2+ area in subchondral bone at 1-week and 8-week after sham or ADD surgery. Scale bar: 50 μm. (G) Representative images of p-Akt2 
and CD68 immunofluorescence co-staining in sagittal views of condyles at 1-week and 8-week after sham or ADD surgery. p-Akt2+ cells were presented 
in green and CD68+ cells were presented in red. The white dotted line represents the demarcation between articular cartilage and subchondral bone. The 
white arrows indicate p-Akt2 and CD68 double-positive cells in subchondral bone, and the asterisks indicate CD68 single-positive cells. Scale bar: 100 μm. 
(H) Quantitative analysis of the ratio of p-Akt2 and CD68 double-positive cells to CD68 positive cells in the subchondral bone of the condyle at 1-week 
and 8-week after sham or ADD surgery. The data were presented as mean and SEM. Unpaired t test was used to compare the differences between sham 
and ADD surgery at the same time point. ** P < 0.01. n = 3 per group
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Discussion
In this study, a rat model of ADD-induced TMJOA was 
established to mimic the pathogenesis of patients in the 
clinic. The number of osteoclasts increased rapidly with 
the phosphorylation of Akt2 in subchondral bone mac-
rophages within 1 week post-surgery, which suggested 
that the activation of Akt2 in macrophages is involved 
in osteoclast formation. Considering that subchondral 
bone loss in the early stage might play a vital role in the 
progression of OA [24, 25], we used shAkt2 to inhibit 
Akt2 expression and reduce osteoclast formation and 
subchondral bone loss following ADD surgery. At 8 
weeks post-surgery, inhibition of Akt2 improved condy-
lar bone morphology and alleviated cartilage degenera-
tion, which was characterized by a decreased number of 
apoptotic chondrocytes, reduced expression of various 
matrix metalloproteinases, and increased type II colla-
gen expression in cartilage tissue. Collectively, these find-
ings indicate that the Akt2 pathway is activated mainly in 
subchondral bone macrophages during the early stage of 
ADD and plays an important role in regulating subchon-
dral bone remodeling. Inhibiting Akt2 could alleviate 
the progression of ADD-induced TMJOA and serve as a 
potential intervention measure for TMJOA.

Instead of being a chronic disease characterized by 
cartilage damage, OA is now considered a whole-joint 
disease that affects various anatomical structures within 
and around the joint capsule [26]. Emerging evidence has 
indicated that subchondral bone remodeling is actively 
involved in the progression of OA and often precedes 
cartilage degeneration [27–29]. In the early stage of knee 
OA, there is no evidence of cartilage lesions on the sur-
face of the samples, whereas subchondral bone remod-
eling is characterized mainly by bone loss [26]. With the 
development of OA, the subchondral bone morphologi-
cal structure changes, which cannot provide sufficient 
stable mechanical support for the upper cartilage, leading 
to degenerative changes in the stress concentration area 
of the cartilage [30]. For TMJs, anterior disc displace-
ment without reduction is considered a major cause of 
the initiation and progression of TMJOA [9, 10]. A pre-
vious study revealed that 60–70% of patients presented 
with early-stage TMJOA manifestations characterized by 
condylar subchondral bone loss within a year after ADD 
[10]. Our results are consistent with those of previous 
studies. Condylar subchondral bone loss occurred rapidly 
within the first week following ADD-induced TMJOA, 
with decreased bone mineral density and increased 

Fig. 4  Specific inhibition of Akt2 prevents subchondral bone loss in the early stage of ADD. (A) Micro-CT images of the condyles in the shCtrl- or shAkt2-
treated rats at 1-week after receiving sham or ADD surgery. The yellow arrows show articular surface erosion. Scale bar: 1 mm. (B-E) Quantitative analysis 
of BMD (B), BV/TV (C), BS/BV (D), and Tb.Th (E) in subchondral bone of the TMJ condylar heads determined by micro-CT measurements in the shCtrl- or 
shAkt2-treated rats at 1-week after receiving sham or ADD surgery. (F, G) Representative images (F) and quantitative analysis (G) of CTSK+ cells in sub-
chondral bone of condyles in shCtrl- or shAkt2-treated rats at 1-week after receiving sham or ADD surgery. The white dotted line represents the demarca-
tion between articular cartilage and subchondral bone. Scale bar: 100 μm. The data were presented as mean and SEM. Statistical analysis was determined 
by one-way ANOVA with Bonferroni’s multiple comparison test. * P < 0.05. ** P < 0.01. n = 3–5 per group
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CTSK+ osteoclasts, which play important roles in subse-
quent cartilage damage, subchondral bone changes, and 
overall joint degeneration.

As vital components of bone immune regulation, mac-
rophages participate in bone remodeling via phenotypic 
transformation [31]. On the one hand, macrophages can 
differentiate into mature osteoclasts and promote bone 
resorption. On the other hand, macrophages can regulate 
the inflammatory response and bone remodeling by alter-
ing the M1/M2 ratio [32]. Some scholars have revealed 
that M1 macrophages in the osteoarthritic synovium 
promote cartilage damage by secreting inflammatory 
mediators and matrix-degrading enzymes [33–35]. In a 

rat model of ADD-induced TMJOA, macrophages and 
osteoclasts residing in the osteochondral junction were 
significantly increased, and the Akt2 pathway was acti-
vated in subchondral bone macrophages in early-stage 
ADD. Akt2 phosphorylation in macrophages may be 
involved in the initial stage of bone resorption and thus 
crucial in regulating bone homeostasis in early-stage 
ADD-induced TMJOA.

Considering that subchondral bone loss is a typical 
pathological manifestation of early-stage OA, research-
ers have attempted to use antiresorptive medications 
to intervene in the progression of OA [36–39]. Some 
scholars reported that inhibiting bone remodeling by 

Fig. 5  Specific inhibition of Akt2 improves subchondral bone morphology in the advanced stage of ADD. (A) Micro-CT images of the condyles in the 
shCtrl- or shAkt2-treated rats at 8-week after receiving sham or ADD surgery. Scale bar: 1 mm. (B-E) Quantitative analysis of BMD (B), BV/TV (C), BS/BV (D), 
and Tb.Th (E) in subchondral bone of the TMJ condylar heads determined by micro-CT measurements in the shCtrl- or shAkt2-treated rats at 8-week after 
receiving sham or ADD surgery. (F) Representative Western blotting bands showing the expression of COL1A1, OCN, and β-actin in subchondral bone 
of the condyles in the shCtrl- or shAkt2-treated rats at 8-week after receiving sham or ADD surgery. (G, H) Quantitative analysis of the relative intensity of 
COL1A1 (G) and OCN (H). β-actin was used as an internal control. (I, J) Representative images (I) and quantitative analysis (J) of OCN+ cells in subchon-
dral bone of condyles in shCtrl- or shAkt2-treated rats at 8-week after receiving sham or ADD surgery. The white dotted line represents the demarcation 
between articular cartilage and subchondral bone. Scale bar: 100 μm. The data were presented as mean and SEM. Statistical analysis was determined by 
one-way ANOVA with Bonferroni’s multiple comparison test. * P < 0.05. ** P < 0.01. n = 3–5 per group
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alendronate immediately after load-induced post-trau-
matic osteoarthritis reduced cartilage degeneration and 
slowed the development of OA-related changes in sub-
chondral bone [40]. Similarly, Hayes et al. reported that 
bisphosphonates had good therapeutic effects on patients 
with early-stage knee OA with normal body weight but 
were not associated with progression in those with 
advanced-stage OA [41]. These results indicated that 
inhibiting subchondral bone resorption promptly could 
maintain subchondral bone mass and reduce cartilage 
degeneration. However, long-term bisphosphonate use 
has potential side effects, such as medication-related 
osteonecrosis [42, 43], and new strategies for inhibiting 

subchondral bone loss are needed. For confirmation 
of the effect of Akt2 inhibition on early intervention in 
ADD-induced TMJOA, rats were intravenously injected 
with shAkt2 10 days before ADD. Our data revealed that 
inhibiting Akt2 reduced condylar bone resorption follow-
ing ADD surgery, improved condylar bone morphology, 
and alleviated degenerative changes in articular cartilage 
at 8 weeks post-surgery. To the best of our knowledge, 
the role of Akt2 in ADD-induced TMJOA has not been 
previously investigated. Taken together, these findings 
suggest that Akt2 inhibition could be crucial in regulat-
ing bone homeostasis and that Akt2 could be a promising 
target in the treatment of TMJOA.

Fig. 6  Specific inhibition of Akt2 attenuates condylar cartilage degeneration in the advanced stage of ADD. (A) Representative Western blotting bands 
showing the expression of COL2A1, MMP3, Cas-3, Clv. Cas-3, and β-actin in cartilage of the condyles in the shCtrl- or shAkt2-treated rats at 8-week after 
receiving sham or ADD surgery. (B-D) Quantitative analysis of the relative intensity of COL1A1 (B), MMP3 (C), and Clv. Cas-3 (D). β-actin was used as an 
internal control. The level of Clv. Cas-3 was normalized to Cas-3. (E, F) Representative images (E) and quantitative analysis (F) of COL2A1+ cells in condylar 
cartilage in shCtrl- or shAkt2-treated rats at 8-week after receiving sham or ADD surgery. The white dotted line represents the demarcation between 
articular cartilage and subchondral bone. Scale bar: 100 μm. (G, H) Representative images (G) and quantitative analysis (H) of MMP3+ cells in condylar car-
tilage in shCtrl- or shAkt2-treated rats at 8-week after receiving sham or ADD surgery. The white dotted line represents the demarcation between articular 
cartilage and subchondral bone. Scale bar: 100 μm. (I, J) Representative images (I) and quantitative analysis (J) of Clv. Cas-3+ cells in condylar cartilage in 
shCtrl- or shAkt2-treated rats at 8-week after receiving sham or ADD surgery. The white dotted line represents the demarcation between articular carti-
lage and subchondral bone. Scale bar: 100 μm. The data were presented as mean and SEM. Statistical analysis was determined by one-way ANOVA with 
Bonferroni’s multiple comparison test. * P < 0.05. ** P < 0.01. n = 3 per group
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The present study has several limitations. shAkt2 can 
effectively inhibit Akt2 expression, but its clinical appli-
cation is challenging because of the stability of delivery 
vectors and the feasibility of large-scale production. In 
addition, intravenous injection of AAV may alter the 
inflammatory environment of the entire joint and impact 
ADD-induced TMJOA development. Next, we need to 
explore more targeted drugs to specifically inhibit the 
expression of Akt2 in subchondral bone macrophages. 
In addition, although Akt2 inhibition could reduce con-
dylar subchondral bone loss in ADD-induced early-stage 
TMJOA, we were unable to determine the duration of 
treatment required to attenuate early-stage subchondral 
bone changes associated with TMJOA. Overall, more 
studies incorporating targeted drugs, administration 
methods, and treatment windows are needed to inves-
tigate how effectively inhibiting subchondral bone loss 
inhibits long-term TMJOA progression.

Conclusion
This study revealed that the Akt2 pathway is activated 
mainly in subchondral bone macrophages during ADD-
induced early-stage TMJOA and plays an important 
role in regulating subchondral bone homeostasis. Akt2 
inhibition could alleviate the degenerative changes in 
articular cartilage and subchondral bone and serve as a 
prophylactic treatment following ADD to slow TMJOA 
progression. Future work should seek a targeted drug to 
better understand the role of subchondral bone loss in 
ADD-induced TMJOA. A short-term course of treatment 
following ADD to attenuate or prevent TMJOA progres-
sion may be feasible and should be explored.
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