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Abstract: Aims: The aim of the present study was to observe changes in the temporomandibular joint (TMJ) of rats
that had been subjected to chronic sleep restriction and to investigate whether Akt, Bad and Caspase3 play a role
in the mechanism underlying the changes. Main methods: One hundred and eighty male Wistar rats were randomly
divided into three groups (n = 60 in each): cage control group, large-platform control group, and sleep restriction
group. Each group was divided into three subgroups (n = 20 in each) of three different time points (7, 14 and 21
days), respectively. The modified multiple platform method was used to induce chronic sleep restriction. The TMJ
tissue histology was studied by staining with haematoxylin and eosin. The expression of Akt, p-Aktser473, Bad, p-
Badser136 and Caspase3 proteins was detected by immunohistochemistry and western blotting. The expression of
Akt, Bad and Caspase3 mRNAs was measured by real-time quantitative polymerase chain reaction (RT-qgPCR). Key
findings: Compared with the large-platform and cage control groups, condylar cartilage pathological alterations were
found in the sleep restriction group. There were significantly decreased expression levels of Akt, p-Aktser473 and p-
Badser136 and significantly increased expression levels of Bad and Caspase3 after sleep restriction. Significance:
These data suggest that sleep restriction may induce pathological alterations in the condylar cartilage of rats.
Alterations in Akt, Bad and Caspase3 may be associated with the potential mechanism by which chronic sleep re-
striction influences the condylar cartilage.
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Introduction

Temporomandibular disorders (TMDs) can be
characterised by positional, structural or func-
tional abnormalities in the temporomandibular
joint (TMJ). The aetiology of TMDs is regarded
as multi-factorial and controversial [1, 2]. Sleep
disturbance appears to be quite common in
TMDs [3, 4], several studies have demonstrat-
ed that sleep disorder, sleep loss or other sleep
problems are frequently found in patients with
TMDs [5, 6]. Although sleep problems may play
a role in initiating or persistent symptoms in
patients with TMDs, the cause-and-effect rela-
tionship remains unclear.

One important tissue pathological change of
TMD is the destruction of cartilage and bone.

Chondrocyte apoptosis has been described in
studies of cartilage destruction and matrix
depletion [7]. Alterations in intracellular signal-
ling pathways seem to play an important role in
chondrocyte dysfunction [8]. In particular, the
phosphatidylinositol 3-kinase (PI3K)/Akt signal-
ling pathway is positively correlated with the
regulation of chondrocyte differentiation and
apoptosis [9] or proliferation [10]. Akt is the
major downstream effector of PI3K, and as a
potent inhibitory signal for apoptosis, it is a
prominent factor in regulating chondrocyte apo-
ptosis and survival [11]. In addition, apoptosis
is actively regulated by several members of the
Caspase and Bcl-2 families. Following activa-
tion, Akt inhibits pro-apoptotic mediators such
as Caspase3 and Bad. The inhibition of Cas-
pase3 activity could reduce the occurrence of
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cartilage apoptosis and enhance resistance to
the apoptosis inducer while retaining the capac-
ity of type Il collagen secretion [12]. Phos-
phorylation of Bad on serine 136 or serine 112
is necessary to promote cell survival by growth
factors. Phosphorylation of Bad on serine 136
is one of the potential mechanisms through
which Akt inhibits Bad activation. Considering
the important role of apoptosis in the condylar
cartilaginous changes, the increased apoptosis
may be involved in the pathogenic mechanisms
of TMDs.

Our study was designed to observe the chang-
es in the TMJ of rats that had been subjected to
chronic sleep restriction and to explore the pos-
sible mechanism underlying the changes. To pu-
rsuetheseissues, we focused on Akt, Caspase3
and Bad, which are predicted to play key roles
in the promotion of survival or stimulation of
apoptosis.

Materials and methods
Animals and treatment

Male Wistar rats (weight 220 + 20 g) were ob-
tained from the Animal Centre of Shan-dong
University (Jinan, China) and were raised in the
Laboratory Animal Center, Jinan General Mili-
tary Hospital. Rats were exposed to a 12:12-h
light-dark cycle and received food and water
without rein for 2 weeks before the experiment.
All animal handling and utilisation were in ac-
cordance with the Shandong University Animal
Care and Utilisation Committee, and all efforts
were made to minimise animal suffering.

Experimental groups

A total of 180 rats were randomly divided into
three groups (60 in each group): cage control
(CC), large-platform control (LC) and sleep res-
triction (SR) groups. The three groups were
divided in equal numbers (n = 20 in each) into
three subgroups according to the different time
points at which rats were sacrificed (7, 14 and
21 days). Rats of the LC and SR groups were pl-
aced on the wide and narrow platforms, respec-
tively. Rats of the CC group were raised in cages
in the same room.

Animal model for sleep restriction

According to the modified multiple platform
method [13], a sleep restriction model tank
was designed. Fifteen platforms (6.3 cm in di-
ameter) or two wide platforms (18.0 cm x 24.0
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cm) were placed inside the tank, which was
made of organic glass (110.0 cm long x 40.0
cm wide x 70 cm high). The narrow platforms
were set 15 cm apart, so that the rats could
only stand on them. On the wide platforms, the
rats were allowed to lie down. During the experi-
ment, the tanks were filled with water until 1.0
cm of the upper surface of the platforms. On
the narrow platforms, when the rat entered
sleep, which was characterised by muscle ato-
nia, it touched the water and woke up. The rats
were placed on the platforms for 18 hours per
day (16:00-10:00), under controlled room (20 £
2°C) and water (18 + 2°C) temperature. All the
rats had free access to food and water.

Tissue collection

Rats were killed after 7, 14 or 21 days accord-
ing to their subgroups. Animals were anesthe-
tised with pentobarbital sodium (50 mg/kg bo-
dy weight), and their bilateral TMJs were rapidly
excised and rinsed in cold (4°C) saline. In each
subgroup, the right TMJs of 10 rats were cho-
sen randomly for haematoxylin-eosin (HE) stai-
ning and immunohistochemistry. The TMJs of
the remaining 10 rats were prepared for the de-
tection of protein expressions by western blott-

ing.
Haematoxylin and eosin staining

The isolated right TMJs were fixed in 10% buff-
ered paraformaldehyde for 24 h, incubated wi-
th 10% EDTA at 4°C for 4 weeks and then em-
bedded in paraffin. Sections were cut into 5-
mm sagittal sections and stained with haema-
toxylin and eosin (H&E) for histological studies.

Immunohistochemistry

Immunohistochemical staining was carried out
using the streptavidin-peroxidase (S-P) meth-
od. Tissue sections were prepared as described
above. Endogenous peroxidase activity was in-
hibited by 3% hydrogen peroxide. Antigen re-
trieval was performed by autoclaving at 120°C
for 15 min in 0.01 M citrate buffer (pH 6.0). The
sections were reacted overnight with the follow-
ing rabbit polyclonal antibodies (purchased
from Bioworld, China): anti-Akt (diluted 1:50),
anti-Bad (diluted 1:65) and anti-Caspase3 (dil-
uted 1:65) at 4°C. The secondary antibody, bi-
otinylated anti-rabbit IgG, was applied for 30
min at room temperature. The sections were
visualised by 3, 30-diaminobenzidine-tetrahy-
drochloride (DAB). Digital images were further
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Figure 1. Sagittal section of the rat TMJ stained with hematoxylin and eosin. Representative stained condylar car-
tilage in the caged control group after 14 days (A) and in the group deprived of sleep for 14 days (B). Haematoxylin

and eosin, scale bar = 100 ym.

Figure 2. Sagittal section of the rat TMJ stained with immunohistochemistry. Representative immunohistochemi-
cally stained mandibular condylar cartilage for Bad (A) and Caspase3 (B) in the group deprived of sleep for 14 days.
Scale bar =50 ym.

analysed via Image-Pro Plus (Media Cyberne-
tics, USA) software.

Western blot analysis

Western blot analysis was performed according
to the modified Lowry method. Briefly, the con-
dylar cartilage tissue was homogenised in a ge-
ntle MACS™ Dissociator in ice-cold radioimmu-
noprecipitation assay (RIPA) lysis buffer (Beyo-
time, China; 1 mmol/I PMSF included) and cen-
trifuged at 12000 rpm for 10 min at 4°C. Equal
amounts of total protein for each group (40 pg
protein per lane) were separated on sodium
dodecyl sulphate-polyacrylamide gel electro-
phoresis (10-12%) and then electro-transferred
onto a polyvinylidene fluoride membrane (Mill-
ipore, USA) using the Bio-Rad protein assay sys-
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tem (Bio-Rad, USA). Each membrane was
blocked with 5% BSA in TBS-T buffer (Tris buff-
ered saline and 0.1% T ween20) at room tem-
perature for 2 h and then incubated overnight
at 4°C with the following primary antibodies:
anti-Akt (diluted 1:500), anti-p-Aktse™73 (diluted
1:500), anti-Bad (diluted 1:1,000), anti-P-Bad*
er136 (diluted 1:1,000), anti-Caspase3 (diluted
1:1000) and anti-B-actin (diluted 1:5,000,
Bioworld, China). The membranes were washed
extensively with TBS-T and incubated with sec-
ondary antibodies (diluted 1:1,000, Beyotime,
China) for 1 h at room temperature. After exten-
sive washing with TBS-T, immunoreactive pro-
teins were visualised with an enhanced chemi-
luminescence kit (Beyotime, China) and cap-
tured on X-ray films.
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Figure 3. Relative protein expression levels of total Akt, Bad and Caspase3. Relative protein expression levels of total
Akt, Bad and Caspase3 in different groups. CON, caged controls; SR, sleep restriction group; and D, days.*P < 0.05,
#P < 0.05, §P < 0.05, compared with the matching caged control group. Data are representative of three separate
experiments performed in triplicates. Results are presented as the mean (SEM).

Real-time quantitative polymerase chain reac-
tion (RT-qPCR)

Total RNA was extracted in 1.0 ml of TRIzol
reagent(Invitrogen, USA) and then homogenised
in a gentle MACS™ Dissociator (Miltenyl Bio-
tech, Germany). Total RNA was quantified with
spectrophotometry. For RT-PCR, we used the
Ultra SYBR Two Step RT-gPCR Kit (with ROX;
CWhbiotech, China) following the manufacturer’s
instructions. The cycles were initial denatur-
ation at 95°C for 10 min, followed by 40 ampli-
fication cycles of 95°C for 20 s and 55°C for
60 s. Every real-time PCR assay contained 10
um of the forward and reverse primers and
cDNA template in a 25-ul reaction mixture.
Results were normalised to GAPDH. The primer
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sequences were as follows: Akt (forward: 5-
AGGAGGAGGAGACGATGGAC-3’ and reverse: 5™-
AGGGCTGTAAGGAAGGGATG-3'); Bad (forward:
5-CCGAAGAATGAGCGATGAAT-3’ and reverse:
5-GATAATGCGCGTCCAACTG-3’); Caspase3 (for-
ward: 5-ACGGGACTTGGAAAGCATC-3’ and rev-
erse: 5-TAAGGAAGCCTGGAGCACAG-3'); GAPDH
(forward: 5-CAGTGCCAGCCTCGTCTCAT-3’ and
reverse: 5-AGGGGCCATCCACAGTCTTC-3’). The
288 method was used to analyse the relative
intensity of the mRNA expression.

Statistical analysis

Data analyses were performed with SPSS 13.0
software (SPSS, Inc., USA). All data were pres-
ented asthe mean + standard error. Differences
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Figure 4. Relative protein expression levels of p-Akt**“’® and p-Bad="%6, Relative protein expression levels of p-
Aktse473 and p-Bads**3¢ in different groups. CON, caged controls; SR, sleep restriction group; and D, days.*P < 0.05,
#P < 0.05, compared with the matching caged control group. Data are representative of three separate experiments
performed in triplicates. Results are presented as the mean (SEM).

between groups were analysed NOVA and the
Student-Newman-Keuls post-test. The level of
significance was set at P < 0.05.

Results
Histological observations

The HE staining results of the TMJs are shown
in Figure 1. In the CC and LC groups, no obvious
histological changes were found, the condylar
cartilage appeared normal, and the fibrous, pr-
oliferative, mature and hypertrophic layer could
be distinguished clearly (Figure 1A). In con-
trast, there were some histological alterations
in the SR group (Figure 1B). The surface of con-
dylar cartilage became rough and uneven after
7 days of sleep restriction (6/10 rats), small cr-
acks appeared, and then the integrity disappe-
ared at 14 (7/10 rats) and 21 (8/10 rats) days
of sleep restriction. Additionally, the most obvi-
ous changes were found in the group with 14
days of sleep restriction. Thus, these data dem-
onstrated that sleep restriction can cause ab-
normal changes in the rat TMJ.
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Protein expression of Akt, p-Akt, Bad, p-Bad
and Caspase3

Immunohistochemistry results are shown in
Figure 2. Compared with the CC and LC groups,
the integrated optical density (IOD) and the
positive expression areas of Bad (Figure 2A)
and Caspase3 (Figure 2B) were significantly
higher in the SR group (P < 0.05). To confirm the
expression quantity in the mandibular condyle,
the above protein were quantitated by western
blot analysis. As shown in Figures 3, 4, there
were significantly decreased levels of total
Akt (Figure 3A), p-Akt*™“7® (Figure 4A) and
p-Bad***3¢ (Figure 4B) expressions were noted
intheSRgroupscomparedwiththe CCandLCgro-
ups. It was important to note that total levels of
Bad (Figure 3B) and Caspase3 (Figure 3C) were
significantly increased in the SR group.

MRNA expression of Akt, Bad and Caspase3
There were no significant differences in mRNA

concentrations of total Akt, Bad and Caspase3
between the CC and LC groups. As shown in
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Table 1. Relative mRNA expression levels of total Akt, Bad and Caspase3

jected to sleep

Total Akt Bad

Caspase3 restriction  for

CON SR CON

SR

CON SR 18 h per day,

7D 1.32+0.09 0.58 +0.07*
14D 1.29+0.05 0.36 +0.12*
21D 1.36+0.03 0.42 +0.06*

0.23+0.04 1.12+0.01*
0.27 £0.02 1.34 £ 0.04* 0.42+0.06 0.92+0.03%
0.21+0.01 0.96 +0.02* 0.33+0.04 0.62+0.04

and then were
allowed to sleep
for 6 h from
10:00 to 16:00.

0.36 £0.05 0.69+0.01

CON, caged controls; SR, sleep restriction group; and D, days. *P < 0.05, #*P < 0.05, P < 0.05, com-
pared with the matching caged control group. Data are representative of three separate experiments

performed in triplicates. Results are mean + SEM.

Table 1, there were significantly decreased in
MRNA expression of total Akt in the SR groups.
In contrast, the mRNA expression of Bad and
Caspase3 increased significantly in the SR
groups (P < 0.05).

Discussion

Temporomandibular joint disorders can be ca-
used by many factors, such as abnormal occlu-
sion, parafunctional habits (e.g., bruxism, teeth
clenching, lip biting), stress, anxiety, or abnor-
malities of the intra-articular disc [14]. Because
sleep problems commonly exist in patients with
TMD, their role in the aetiology of TMD is receiv-
ing increasing attention. Although the exact
mechanism is incompletely understood, it has
been widely acknowledged that a bidirectional
relationship exists between sleep problems
and TMD [3, 15, 16].

In a previous study, we showed that total sleep
deprivation for 8 days can cause pathological
changes in the TMJs of rats [17]. Since the bo-
dy’s responses to chronic sleep restriction and
acute total sleep deprivation are very different
[18] and sleep disorders in modern life are
mostly characterised by chronic sleep proble-
ms, chronic sleep restriction is more modest
and more similar to human sleep disorders in
comparison with total sleep deprivation.

In our current study, we proposed two experi-
mental hypotheses: firstly, that chronic sleep
restriction might lead to pathological altera-
tions in the TMJs of rats; and secondly, that
activation of protein factors associated with
the PI3K/Akt signalling pathway is possibly
behind the effect of sleep restriction on these
changes of TMJs.

In order to achieve the purpose of chronic sleep
restriction, we referred to the modified multiple
platform method. The SR group rats were sub-
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Meanwhile, we
set up an LC
group to rule
out the influ-
ence of a water environment. The results
showed that there was no significant difference
between the CC and LC groups, and no obvious
histological changes in the TMJs of both groups.
However, in the SR group, there were changes
in the TMJs in the form of tough and uneven
areas and loss of cartilage surface integrity.
Based on these observations, we have con-
firmed that chronic sleep restriction can cause
pathological alterations in rat condylar
cartilage.

Apoptosis plays an important role in temporo-
mandibular joint disc degeneration, cartilage
degradation and bone resorption. It is well doc-
umented that apoptosis is a potential contribu-
tor in the pathogenesis of TMD [19, 20]. The
PI3K/Akt pathway has been identified as a
major regulator of cellular proliferation, differ-
entiation and death in multiple cell types [21].
Specifically, normal expression of this pathway
has an irreplaceable role in regulating the pro-
liferation and differentiation of chondrocytes
[8, 11, 22]. Maximal Akt activity is achieved
through PI3K and subsequent phosphorylation
at Serd73 [23]. Activated Akt can phosphoryl-
ate and inactivate Bad [24], thereby inhibiting
their functions of promoting apoptosis [25]. In
the current study, we found upregulation of Bad
and Caspase3 expression and downregulation
of Akt, p-Akt®®™73 and p-Bads**%¢ expression in
the SR group compared with the CC and LC
groups. These results indicate that alterations
in the expressions of Akt, p-Akts¢73, Bad,
p-Bads¢**¢ and Caspase3 concur with an
increase of apoptotic activity in the condyle
cartilage after sleep restriction.

Cell apoptosis is a complex process involving a
variety of proteases. As this was a preliminary
study, we chose to study only several major
apoptosis-associated proteins. However, it
remains uncertain whether Akt directly affects
the changes of Bad and Caspase3 or whether it
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acts through other pathways to activate the
cascade of reactions and thus influence these
two apoptotic factors. The detailed molecular
mechanism therefore needs further
investigation.

In summary, our results demonstrate that ch-
ronic sleep restriction may lead to pathological
changes in the condyle cartilage of rat, and
alterations in Akt, Bad and Caspase3 may be
associated with the potential mechanism by
which sleep restriction influences the condylar
cartilage. Our study also suggested that chron-
ic sleep restriction may play a causal role in the
occurrence and development of TMD, and the
PI3K/Akt signalling pathway might be involved.
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