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Sleep deprivation induces abnormal bone metabolism 
in temporomandibular joint
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Abstract: Background: The purpose of this study was to explore the effect of experimental sleep deprivation (SD) 
on the temporomandibular joint (TMJ) of rats and the possible mechanism related to abnormal bone metabolism. 
Material and methods: SD was induced by a modified multiple platform method and assessed by serum adrenocor-
ticotropic hormone (ACTH) level. TMJs were detached and stained with hematoxylin and eosin (H&E). Expression of 
interleukin-1β (IL-1β), tumor necrosis factor alpha (TNF-α), osteoprotegerin (OPG) and receptor activator of nuclear 
factor kappa B ligand (RANKL) was evaluated by quantitative reverse transcription polymerase chain reaction, H&E 
staining, immunohistochemical staining and enzyme linked immunosorbent assay. Results: Compared with con-
trols, SD significantly increased serum ACTH, indicating that the SD model was successful. In the SD group, H&E 
staining revealed greater vessel hyperplasia in the synovial membrane and thicker hypertrophic layers in condylar 
cartilages. Compared with controls, RNA and protein expression of the inflammatory factors IL-1β and TNF-α and 
the bone metabolism-related factor RANKL increased in condylar cartilage in the SD group, whereas OPG and 
the OPG/RANKL ratio decreased. Immunohistochemical staining revealed that OPG/RANKL immunopositive cells 
were mainly located in hypertrophic layers. Conclusions: These results suggest that sleep deprivation might play 
an important role in the occurrence and development of temporomandibular disorders, which may occur through 
abnormal secretion of inflammatory and bone metabolism-related factors.
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Introduction

Temporomandibular disorders (TMDs) are com-
mon conditions in the oral and maxillofacial 
region, with predominant clinical manifesta-
tions of structural damage to and dysfunction 
of the temporomandibular joint (TMJ) [1, 2]. The 
etiology of TMD is complex, and remains both 
controversial and unclear. In addition to occlu-
sal problems, it is widely recognized that psy-
chosomatic factors play a role in TMD, and fac-
tors such as sex, age and sleep disorders may 
also be involved [3-5]. Sleep disorders can trig-
ger various problems, including memory defi-
cits and hormonal abnormalities [6]. As a form 
of chronic stress, poor sleep quality has been 

reported to be significantly correlated with the 
occurrence of TMD in clinical retrospective 
analyses [7]. However, there is little direct evi-
dence from animal experiments to confirm 
whether sleep deprivation (SD) can lead to TMD 
and the exact mechanism of how SD causes 
the pathologic changes of TMD remains unclear.

Inflammatory infiltration and damage to carti-
lage and subchondral bone are two important 
clinical manifestations of TMD [8]. Tumor necro-
sis factor alpha (TNF-α) and interleukin-1 beta 
(IL-1β) appear to be the major inflammatory 
cytokines involved in almost all of the patho-
logic processes in TMD, inducing abnormal 
secretion of osteoprotegerin (OPG) and recep-
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Table 1. Serum levels of ACTH in each group (n 
= 10, ng/ml, x

_
 ± SEM)

CC group SD group TC group
1 d 10.37 ± 0.96 12.36 ± 0.94* 11.35 ± 0.42
3 d 12.81 ± 0.91 19.58 ± 0.93*,# 12.14 ± 1.28
5 d 11.71 ± 1.54 24.2 ± 2.67*,# 12.02 ± 1.46
7 d 12.01 ± 0.91 21.52 ± 1.63*,# 12.18 ± 1.97
9 d 12.36 ± 0.17 19.26 ± 0.96*,# 12.31 ± 1.17
Data were expressed as “mean ± SEM” and analyzed from 
each group (n = 10). CC: cage control, SD: sleep depriva-
tion, TC: tank control. *refers to P < 0.05, significantly 
different compared with time matched CC group; #refers 
to P < 0.05, significantly different compared with time 
matched TC group.

tor activator of nuclear factor kappa B (NF-κB) 
ligand (RANKL) [9]. Imbalances in the OPG/
RANKL system can cause abnormal bone 
metabolism and subchondral bone damage 
[10]. In previous studies, we found that SD can 
induce overexpression of pain-related factors 
in the synovial membrane of the TMJ through 
activation of estrogen and NF-κB signaling [11]. 
Whether SD can also induce damage to the 
condyle and the possible mechanism of this 
are unknown.

In the present study, we used a modified multi-
ple platform method to induce experimental SD 
in rats and evaluated correlations between 
morphologic changes and the expression of 
inflammatory and bone metabolism-related 
factors. We aimed to investigate the possible 
mechanism by which TMD is induced by SD and 
to provide experimental evidence to aid the 
clinical treatment of TMD.

Material and methods

Laboratory animals and animal groups

One hundred and fifty male 8-week-old Spra- 
gue-Dawley rats weighing 180 ± 20 g were pro-
vided and raised by the Laboratory Animal 
Center of Shandong University. Before the 
experiments, the animals were housed in a 
room maintained at 26°C with a 12 h/12 h 
light/dark cycle and all received the same stan-
dardized diet. All procedures and the care 
administered to the animals were approved by 
the University Ethics Committee and performed 
according to institutional guidelines.

The rats were divided randomly into a cage con-
trol (CC) group, a SD group and a tank control 

(TC) group. Each group was further divided into 
five subgroups of 10 rats each according to the 
duration of SD; namely, 1 day, 3 days, 5 days, 7 
days or 9 days. The CC group rats were raised 
in the standardized environment without any 
stress.

Experimental establishment of SD

As described previously, a modified multiple 
platform method (Jinan General Military 
Hospital, Jinan, China) was applied to induce 
experimental SD. Fifteen narrow (6.3 cm diam-
eter) or wide (18.0 cm width) platforms were 
placed inside a water tank constructed from 
organic glass (110.0 cm long × 40.0 cm wide × 
70.0 cm high). The narrow platforms were set 
15 cm apart. In the SD procedure, the tanks 
were filled with water to a level 1.0 cm below 
the upper surface of the platforms. The narrow 
and wide platforms were assigned to the SD 
group and the TC group, respectively. On the 
narrow platforms, when the rats entered para-
doxical sleep, which is characterized by muscle 
atonia, they would fall into the water and wake 
up. On the wide platforms, the rats were able to 
lie down without falling into the water, although 
their tails might get wet. The rats in the CC 
group were maintained in cages in the same 
room as those in the SD and TC groups. All rats 
had free access to food and water.

Tissue preparation

At each experimental time point, rats were sac-
rificed after intraperitoneal injection of 0.6% 
pentobarbital sodium (30 mg/kg) and blood 
samples were immediately collected from the 
cardiac ventricle. The plasma was then sepa-
rated by centrifugation (12000 g, 15 min, 4°C) 
and stored immediately at -20°C for subse-
quent hormone assays. Serum levels of adre-
nocorticotropic hormone (ACTH) were mea-
sured using enzyme linked immunosorbent 
assay (ELISA) kits (Huijia Biotechnology, 
Xiamen, China) following the manufacturer’s 
instructions. The left condyles of six of the 10 
rats in each subgroup were dissected out, fro-
zen in liquid nitrogen and stored for isolation of 
RNA; the six right condyles of these rats were 
prepared for hematoxylin and eosin (H&E) 
staining and immunohistochemistry. The 
detached condyles were fixed with 10% para-
formaldehyde overnight at 4°C and decalcified 
for 7 days with formalin/nitric acid solution 
(40% formaldehyde 5 ml, concentrated nitric 
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acid 10 ml and distilled water 85 ml). After 
dehydration and embedding in paraffin, 5 μm 

serial sections were cut on the sagittal plane 
for H&E staining and immunohistochemistry. 

Figure 1. The modified multiple platform method.Sleep deprivation was achieved by depriving the rats of paradoxi-
cal sleep. A. Photos of circular narrow platforms with rats inside. B. Photos of a grid floor with rats inside. The tank 
is filled with water up to approximately 1 cm from the surface of the platform or grid.

Figure 2. Synovial tissues of rat temporomandibular joint stained with hematoxylin and eosin. A. Synovial tissues 
of control group rats: The surface of the condylar cartilage in each subgroup was smooth and intact, with no obvi-
ous histopathologic changes. B. Synovial tissues of SD group rats at Day 3: edema of the synovial membranes and 
neovascularization were observed in the synovial tissues of rats in the SD3 subgroup. C. Synovial tissues of SD 
group rats at Day 5: Greater proliferation of small blood vessels was found in the synovial membranes of the SD5 
subgroup. D. Synovial tissues of SD group rats at Day 9: Greater synovitis and intercellular edema with significant 
dilatation of small blood vessels were seen in the SD9 subgroup. (Original magnification × 100; scale bar = 50 μm).
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The entire cartilage of the other four rats in 
each group was dissected out and used for 
ELISA. 

H&E staining and immunohistochemistry

H&E and immunohistochemical staining were 
used for histologic assessment. Deparaffinized 
sections were incubated in Harris hematoxylin 
(0.75% w/v) for 12 min, then immersed in acid 
alcohol for 30 s and in Scott’s Tap Water for 2 
min, and finally stained with 1% (w/v) aqueous 
eosin for 5 min. The sections were washed with 
running tap water before and after each solu-
tion, dehydrated in serial alcohol and mounted 
with gum. A standard three-step avidin-biotin 
complex immunohistochemical staining proto-
col was performed. The primary antibodies 
were anti-OPG (sc-8468; 1:75 dilution) and 
anti-RANKL (sc-7628; 1:75 dilution), obtained 
commercially from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA). For negative-control 
slides, non-immune goat serum was substitut-
ed for the primary antibody.

RNA isolation, reverse transcription and real-
time quantitative polymerase chain reaction 
(RT-qPCR)

Samples were immersed in liquid nitrogen for 
10 min and broken into pieces with a non-enzy-
matic masher. Total RNA was isolated with 
TRIzol® Reagent (Invitrogen, Carlsbad, CA, USA) 
and then homogenized in a gentleMACSTM 

Dissociator (Miltenyl Biotech, BergischGlad- 
bach, Germany). For RT-qPCR, we used an Ultra 

SYBR Two Step RT-qPCR Kit (CW Biotech, 
Beijing, China) following the manufacturer’s 
instructions. Reactions were performed in 20 
μl volumes of a solution containing 10 μl mix, 
0.4 μl ROX, 2 μl cDNA, 6 μl dd H2O and 1.6 μl 
primers (Takara, Dalian, China). Primer sequ- 
ences were as follows: IL-1β: forward 5-CTCGT 
GCTGT CTGAC CCAT-3 and reverse 5-CAAAC 
CGCTT TTCCA TCTTC-3; TNF-α: forward 5- 
AGGCG CTCCC CAAAA AGATG-3 and reverse 
5-TGGCG GAGAG GAGGC TGACT-3; OPG: for-
ward 5-GCAAC CGCAC CCACA AC-3 and reverse 
5-GAACC CATCC GGACA TCTTT-3; RANKL: for-
ward 5-GAGCG CAGAT GGATC CTAAC AGAA-3 
and reverse 5-CTTTG CACGG CCCCT TGAA-3; 
and GAPDH: forward 5-CACGG CAAGT TCAAC 
GGCAC A-3 and reverse 5-AGCGG AAGGG 
GCGGA GATG-3. Assays were performed on a 
RT-qPCR system (ABI 7500; Applied Biosys- 
tems, Foster City, CA, USA) and analyzed using 
ABI 7500 software. All RT-qPCR reactions were 
performed in triplicate. Relative gene levels 
were calculated using the 2−ΔΔCt method.

ELISA

Samples were immersed in liquid nitrogen for 
10 min, broken into pieces with a masher and 
then mixed with 10-fold phosphate buffered 
saline. Cells were disrupted using a Soniprep 
150 Plus ultrasound generator (MSE Ltd, 
London, UK) at 14 μm for 30 s. After centrifuga-
tion at 12,000 rpm for 10 min at 4°C, IL-1β and 
TNF-α levels were measured by ELISA (Fang- 
Cheng Biotech Co. Ltd, Beijing, China) accord-
ing to the manufacturer’s instructions. 

Figure 3. Comparison of the mRNA expression of IL-1β (A) and TNF-α (B) in the condylar cartilage between the SD 
and TC groups. Compared with those in the time-matched TC subgroups, mRNA levels of IL-1β and TNF-α were sig-
nificantly increased in the SD subgroups at day 5 (D5), D7 and D9 after the start of SD (all P < 0.05), with peaks at 
D7. Data were expressed as “mean ± SEM” and analyzed from each group. SD: sleep deprivation, TC: Tank control. 
*refers to P < 0.05, and **refers to P < 0.01, versus time matched CC groups.
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Absorbance was read at 450 nm. Semiquan- 
tification was performed using standard curves.

Statistical analysis

Quantitative analysis was not performed on the 
immunohistochemistry findings, which were 
recorded as the location of immunopositive 
cells. RT-qPCR and ELISA results were com-
pared by two-factor analysis of variance with 
full interaction using SPSS 17.0 software (IBM, 
Armonk, NY, USA). When significant differences 
were found, the Student-Newman-Keuls post 
hoc test was used. p values were considered 
statistically significant when less than 0.05.

Results

Serum ACTH level

As shown in Table 1, the concentration of 
serum ACTH in the SD1 subgroup was signifi-
cantly higher than that in the CC group (P < 
0.05) but not significantly different from that in 

the TC group (P > 0.05). Serum ACTH in the 
SD3, SD5, SD7 and SD9 subgroups was signifi-
cantly higher than that in both the CC group 
and the TC group (P < 0.01). There was no sig-
nificant difference between the TC subgroups 
and the CC subgroups at any time point (P > 
0.05).

H&E staining of synovial tissues

The surface of the condylar cartilage in each 
subgroup was smooth and intact, with no obvi-
ous histopathologic changes (Figure 1). As 
shown in Figure 2, compared with the CC group 
(Figure 2A), edema of the synovial membranes 
and neovascularization were observed in the 
synovial tissues of rats in the SD3 subgroup 
(Figure 2B). Greater proliferation of small blood 
vessels was found in the synovial membranes 
of the SD5 subgroup (Figure 2C). Greater syno-
vitis and intercellular edema with significant 
dilatation of small blood vessels were seen in 
the SD9 subgroup (Figure 2D).

Figure 4. Comparison of mRNA level of Bone metabolism related cytokines in cartilage. A. mRNA levels of osteo-
protegerin (OPG) differed significantly among the SD5 and SD9 subgroups (P < 0.05) but no significant difference 
was found among the TC subgroups (P > 0.05). B. There were significant differences in the mRNA levels of receptor 
activator of nuclear factor kappa B ligand (RANKL) among the subgroups of the SD group (P < 0.01) but not among 
the subgroups of the TC group (P > 0.05). C. Expression of RANKL tended to increase later in SD, and the RANKL/
OPG ratio showed an increasing trend with prolonged SD. Data were expressed as “mean ± SEM” and analyzed 
from each group. SD: sleep deprivation, TC: tank control. *refers to P < 0.05, and **refers to P < 0.01, versus time 
matched CC groups.
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Expression of cytokines in condylar cartilage

As shown in Figure 3, compared with those in 
the time-matched TC subgroups, mRNA levels 
of IL-1β and TNF-α were significantly increased 
in the SD subgroups at day 5 (D5), D7 and D9 
after the start of SD (all P < 0.05) (Figure 3A, 
3B), with peaks at D7. There were no differenc-

es between time points in the CC and TC groups 
(all P > 0.05).

Bone metabolism in cartilage

mRNA levels of OPG increased significantly with 
experimentally induced SD compared with the 
time-matched TC subgroups at D5 and D9 

Figure 5. Protein expression of OPG and RANKL in cartilage. (A-D) Serial sections of condylar cartilage stained by 
immunostaining for OPG (A and C) and RANKL (B and D). Immunohistochemistry showed that, compared with the TC 
group (A and C), significantly more cells were immunopositive for OPG and RANKL in the SD group (B and D); these 
cells were mainly located in the hypertrophic layer of chondrocytes. (E and F) ELISA showed that the concentrations 
of OPG (E) and RANKL (F) increased with SD and were significantly higher than those in the time-matched TC sub-
groups at D5, D7 and D9 (all P < 0.05). Data were expressed as “mean ± SEM” and analyzed from each group. SD: 
sleep deprivation, TC: tank control. *refers to P < 0.05, and **refers to P < 0.01, versus time matched CC groups. 
(Original magnification × 100; scale bar = 50 μm).
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(both P < 0.05) (Figure 4A). RANKL was signifi-
cantly increased compared with the time-
matched TC subgroups at D5, D7 and D9 (all P 
< 0.05) (Figure 4B). The RANKL/OPG mRNA 
ratio was also significantly increased at D5, D7 
and D9 compared with the TC subgroups (all P 
< 0.05) (Figure 4C).

Immunohistochemistry showed that, compared 
with the TC group (Figure 5A, 5C), significantly 
more cells were immunopositive for OPG and 
RANKL in the SD group (Figure 5C, 5D); these 
cells were mainly located in the hypertrophic 
layer of chondrocytes. ELISA showed that the 
concentrations of OPG and RANKL increased 
with SD and were significantly higher than 
those in the time-matched TC subgroups at D5, 
D7 and D9 (all P < 0.05) (Figure 5E, 5F).

Discussion

Using an effective animal model of SD stress, 
this study observed a direct effect of long term 
SD on TMJ metabolic activity. Our results indi-
cate that SD induces the expression of cyto-
kines (IL-1β and TNF-α) and bone metabolism 
factors (OPG and RANKL) in the TMJ, suggest-
ing that experimentally induced SD may lead to 
pathologic changes in the TMJ.

The cytokines IL-1 and TNF-α serve as initiating 
factors and effectors in immune function and 
the regulation of inflammatory processes, and 
their coordination can inhibit proteoglycan pro-
duction by chondrocytes [12]. In addition, IL-1 
plays an important role in the destruction of 
joint cartilage. Regulation of bone metabolism 
occurs through the classical OPG/RANK/
RANKL pathway, the direct and indirect func-
tions of which are influenced by many factors, 
including cytokines (e.g. IL-1β, TNF-α) and hor-
mones. OPG plays an important role in inhibit-
ing osteoclastogenesis by blocking the effects 
of RANKL, which activates osteoclastogenesis 
[13, 14]. In the present study, we found that the 
OPG/RANKL ratio and IL-1 and TNF-α expres-
sion initially exhibited an increasing trend and 
then decreased during prolonged SD.

Other studies have found that an increase in 
the permeability of blood vessels may cause 
the release of many inflammatory factors 
(including IL-1β and TNF-α) into the articular 
cavity, which impairs the lubrication and nutri-

tion of the cartilage and cartilage disc and 
leads to a positive feedback effect that can 
result in the development of arthropathy [15]. 
In addition, there is an important relationship 
between the expression level of vascular endo-
thelial growth factor (VEGF) and synovial fluid 
changes [16]. In the present study, H&E stain-
ing of the TMJ revealed vessel hyperplasia in 
the synovial membrane, suggesting that SD 
induced these changes.

Studies have shown that IL-1β stimulates the 
production of factors including matrix metallo-
proteinase (MMP)-1, MMP-13 and nitric oxide 
[17], and prove that the ERK1/2, p38 [18], 
MAPK and JNK signaling pathways and the 
NF-κB and activator protein 1 transcription fac-
tors [19] participate in IL-1-mediated increased 
expression of downstream proteolytic enzymes, 
including MMPs. Binding of RANK to RANKL 
stimulates the differentiation and signaling 
pathways of osteoclastogenesis and odonto-
clastogenesis [20]. Furthermore, the RANK-
RANKL axis is a key pathway in the activation of 
seven signaling pathways (JNK, NF-κB, src, 
c-myc, calcineurin, ERK and p38) [21-23]. 
These pathways influence one another and 
have an impact on cartilage metabolism though 
a complicated signaling pathway network.

Conclusions

In this exploratory study of the relationship 
between SD and TMD, we investigated factors 
in the early and middle stages of the OPG/
RANK/RANKL pathway (IL-1, VEGF, OPG and 
RANKL) and bone metabolism factors (MMP-
13). Our results indicate that SD induces altera-
tions in the target genes of the OPG/RANK/
RANKL pathway and plays an important role in 
the occurrence and development of TMD.
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