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Psychological Stress Alters Extracellular Matrix Metabolism  
in Mandibular Condylar Cartilage
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Objective: To explore the effect of long-term stress on the temporomandibular joint (TMJ) 
condyle and its possible underlying mechanism. 
Methods: A 12-week, chronic unpredictable mild stress (CUMS) model was used to induce 
long-term psychological stress in rats. Rats were randomly divided into control group (CONT), 
chronic unpredictable mild stress group (CUMS) and chronic unpredictable mild stress with 
fluoxetine treatment group (CUMS + DT) (n = 30 per group). A 5 mg/kg dose of fluoxetine 
was intraperitoneally injected daily 0.5 h before stress. A sucrose preference test, plasma 
corticosterone test and open-field test were performed to verify the feasibility of the CUMS 
model. Histopathology was used to observe the pathological changes of condyle. The expres-
sion levels of inflammatory cytokines, matrix metalloproteases (MMPs) and extracellular 
matrix (ECM) were measured by real-time polymerase chain reaction, western blotting and 
immunohistochemistry. 
Results: At 8 and 12 weeks after exposure to CUMS, the rats showed higher plasma corticos-
terone than the control rats. Additionally, for the open-field test, the rats exposed to CUMS 
spent more time in the centre zone and moved a shorter distance than the control and drug 
treatment rats. In addition, pathological changes in the condylar cartilage occurred in the 
8-week CUMS subgroup and were more obvious in the 12-week CUMS subgroup. The CUMS 
caused an increase in the secretion of inflammatory cytokines, imbalanced expression of 
MMPs and tissue inhibitor of metalloproteinase-1 and accelerated degradation of ECM in 
condylar cartilage in a time-dependent manner.
Conclusion: Osteoarthritis-like lesions can be caused by long-term CUMS in the mandibular 
condyles, which suggests that the imbalance in chondrocyte-secreted regulatory factors within 
the cartilage of the TMJ may play an important role in cartilage injury induced by psychologi-
cal stress.
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der (TMD), extracellular matrix, matrix metalloproteinase (MMP), tissue inhibitor of metal-
loproteinase-1 (TIMP)
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Psychological stress is the consequence of failure of 
an organism, human or animal, to respond appropri-

ately to emotional or physical threats1. Failure to cope 
with multiple stressors, which can generate psychologi-
cal stress, impairs homeostasis and ultimately compro-
mises organismal health2. Temporomandibular disorder 
(TMD) is a common disease of the stomatognathic sys-
tem and is a collection of conditions affecting the bony 
structure and muscular tissue of that system3. Its occur-
rence and development can be attributed to a variety of 
factors4; thus, TMD is complex and difficult to treat. 
With the transformation of the medical model from a 
biomedical model to a biopsychosocial model, the influ-
ence of psychological stress on TMD onset and progres-
sion has gained widespread interest in recent years5,6. 
Patients suffering from TMD often exhibit a significant 
stress level, and the anti-stress strategy helps improve 
TMD-related clinical symptoms7. However, the mech-
anism underlying the adverse effects of psychological 
stress on the temporomandibular joint (TMJ) is not yet 
known. 

The mandibular condylar cartilage covers the surface 
of the TMJ. It consists of cellular components and an 
extracellular matrix (ECM), the main components of 
which are aggrecan and collagen8. Normally, ECM syn-
thesis and degradation are well regulated, but degrada-
tion of the cartilage matrix accompanies joint diseases. 
Matrix metalloproteinases (MMPs) are always involved 
in cartilaginous pathological processes9. Among the 
MMPs, MMP-3 degrades the major components of the 
ECM, including proteoglycan and type II collagen10, 
while MMP-9 digests denatured collagens, type IV col-
lagen, and aggrecan11,12. The activities of both MMP-3 
and MMP-9 can be balanced by tissue inhibitor of 
metalloproteinase-1 (TIMP-1), which is considered 
the most common tissue inhibitor of metalloprotein-
ases12,13. Once the activities of MMPs and TIMP-1 
are imbalanced, collagens and aggrecan can be directly 
cleaved, leading to cartilage damage14,15. 

In our previous studies, pathological changes to 
the TMJ in stressed rats were confirmed as being 
accompanied by high expression of pro-inflammatory 
cytokines16. However, the effects of long-term psycho-
logical stress on the levels of MMPs and metabolism 
of ECM in the condylar cartilage of rats are still poorly 
understood. Therefore, in this study, we used chronic 
unpredictable mild stress (CUMS) to establish an ani-
mal model of psychological stress, and we evaluated 
the expression of ECM and MMPs in the condylar car-
tilage of stressed rats to explore the effects of long-term 
CUMS on condylar cartilage. 

Materials and methods

Animals and grouping

Our study used 90 male Sprague-Dawley rats (8 weeks 
old, and weighing between 210 and 230 g) were obtained 
from the Animal Center of the Fourth Military Medical 
University. They were randomly divided into control 
group (CONT), chronic unpredictable mild stress group 
(CUMS) and chronic unpredictable mild stress with drug 
treatment group (CUMS + DT) (n = 30 per group). In the  
CUMS+DT group, fluoxetine (Eli Lilly and Company, 
Suzhou, China) was dissolved in saline (0.9% NaCl) and 
intraperitoneally injected daily with a 5 mg/kg dose half 
an hour before stress17. Each group was divided into an 
8-week subgroup and a 12-week subgroup, according to 
the duration of stress (n = 15 per subgroup). All rats were 
housed in a temperature-controlled room at (24 ± 1°C) 
with a 12-hour light/dark cycle (light on from 08:00am 
to 20:00pm) and food and water available ad libitum. 
Before the beginning of the experiment, the animals 
were acclimatised to laboratory conditions for 1 week.

CUMS protocol

CUMS was adapted from the procedure described by 
Zhao et al18. Rats were subjected to seven different kinds 
of stressors – food deprivation (12 h), water deprivation 
(12 h), damp sawdust (24 h), restraint stress (1 h), 4°C 
cold water immersion (5 min), 45°C hot water immer-
sion (5 min) and inversion of the light/dark cycle. One 
random stressor was applied daily, and the same stressor 
appeared only once per week to avoid stress habituation 
in rats. All procedures and care administered to the ani-
mals were approved by the ethics of animal research of 
the Fourth Military Medical University (Xi’an, China), 
and performed according to the recommendations in the 
Guide for the Care and Use of Laboratory Animals of the 
National Institutes of Health.

Sample preparation

At the end of the eighth and 12th weeks of CUMS, all 
rats were given the behavioural test. Then, the rats were 
anaesthetised with intraperitoneal injections of sodium 
pentobarbital (50 mg/kg bodyweight). Blood samples 
were obtained from retinal veins for centrifugation (4°C, 
12,000 rpm for 15 min) and stored at -80°C until the hor-
monal assays were performed. All TMJs were carefully 
removed. For eight rats, the left condyles were used for 
hematoxylin and eosin (H&E) staining, while the right 
condyles were used for immunohistochemical staining. 
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The bilateral condylar cartilages of the remaining seven 
animals were removed and preserved at -80°C for real-
time polymerase chain reaction (PCR) and western blot-
ting.

Open field test

All animals underwent the open-field test to evaluate 
behavioural changes, as previously described19. The 
total distance moved and the time spent in the centre 
were quantified using the automated video tracking sys-
tem.

Sucrose preference test

The depressive-like phenotype was assayed using the 
sucrose preference test for anhedonia-like reactivity, as 
previously described17. The test was performed imme-
diately after 8 weeks and 12 weeks of CUMS. The vol-
umes of sucrose solution and water consumed over 24 h 
were recorded. Sucrose preference, which indicates 
anhedonia, was defined as the ratio of the volume of 
sucrose consumed to the total volume of sucrose and 
water consumed.

Plasma corticosterone (CORT) level

Plasma CORT was measured using rat ELISA Kits 
(Shanghai Westang Bio-Tech Co, Shanghai, China) 
according to the manufacturer’s instructions. 

Histological staining

For histological observation, serial sections (5 m) were 
cut along the sagittal plane of the condyle and stained 
with H&E. The condylar cartilage in each region was 
divided into the fibrous layer, proliferative layer, hyper-
trophic layer and endochondral ossification layer14,15.

Enzyme linked immunosorbent assay (ELISA) 

The expressions of inflammatory cytokines in the 
temporomandibular joint were measured by ELISA. 
Condylar cartilages were homogenised in 500 mL of 
a PBS solution containing and treated with RPMI lysis 
buffer with proteinase inhibitor at 4°C for 10 min. The 
lysates were centrifuged at 11,000 g for 10 min, and 
the supernatants (diluted 1:2 in the same PBS solution) 
were used to evaluate the protein levels of IL-1 , IL-6 
and TNF-  with ELISA kits (Endogen, USA) following 
the manufacturer’s instructions. Total protein assay was 
performed using the bicinchoninic acid assay method 

(Pierce, Waltham, MA, USA). Cytokine concentrations 
were reported per mg of total protein. The absorbance 
was measured at 450 nm. These experiments were 
repeated three times.

Immunohistochemistry 

Immumohistochemical staining was performed to 
observe the immunoactivity of ECM, MMPs and 
TIMP-1. The sections (5 m) were each deparaffinised 
in xylenes twice for 30 min, hydrated gradually through 
graded series of alcohols (100% ethanol twice for 5 min 
each, then 95%, 85%, 75% ethanol for 5 min), and then-
rinsed in distilled water for 1 min. Deparaffinised sec-
tions were treated with 3% H2O2 for 10 min at 37°C 
to quench the endogenous peroxidase activity and then 
rinsed in 0.01% PBS three times for 5 min apiece. Then 
the slides were digested with pepsin (Boster Bioengi-
neering Limited Company, Wuhan, China) for 30 min 
at 37°C  to unmask the antigen and rinsed (0.01% PBS, 
5 min × 3). To retrieve the antigen, epitope retrieval 
solution I (Boster Bioengineering) was applied. Then 
the slides were incubated with normal serum for 1.5 h 
at 37°C to block non-specific binding of antibodies as 
follows: Aggrecan (Abcam, Cambridge, UK); Collegan 
II (Abcam); MMP-3 (Abcam); MMP-9 (Abcam); TIMP-
1 (Abcam); Tublin (Santa Cruz Biotechnology, Dallas, 
TX, USA).

Real-time PCR

Gene expressions of Aggrecan, Collegan II, MMP-3, 
MMP-9 and TIMP-1 were detected by real-time PCR. 
The condylar cartilages were carefully peeled off from 
the condyle and immersed in liquid nitrogen for 10 min. 
They were then broken into pieces with a masher. Total 
RNA was extracted using Trizol reagent (Ambion, Aus-
tin, TX, USA) according to standard procedures and 
reversed transcribed with PrimeScript®RT reagent kit 
(Takara Biotechnology, Liaoning Province, China). 
Quantitative real-time PCR was performed in triplicates 
in Applied Biosystems 7500 Real-time PCR system and 
analysed using ABI 7500 software. Each experiment 
was performed three times and the mean values were 
derived. The amount of target cDNA, relative to -actin, 
was calculated using the formula 2 Ct. Primers for 
target genes are listed in Table 1.

Western blotting

The condylar cartilages were ground by mortar and pes-
tle and lysed using RIPA buffer (50 mM Tris  HCl pH 
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(SD). P < 0.05 indicates statistical significance for all 
analyses.

Results

Psychological stress assessment

In the open field test, the total distance moved in the 
CUMS group was shorter than that in the CONT and 
CUMS + DT groups (week 8, both P < 0.05; week 12, 
both P < 0.05) (Fig 1a), while the time spent in the centre 
zone in the CUMS group was longer than that in the other 
two groups at each time point (week 8, both P < 0.05; 
week 12, both P < 0.05) (Fig 1b). No significant differ-
ences were observed between the CONT and CUMS + DT 
groups at either time point (week 8, both P > 0.05; week 
12, both P > 0.05) (Fig1 a and b). Additionally, the CUMS 
group had an increased plasma CORT level compared 
with the CONT and CUMS + DT groups (week 8, both 
P > 0.05; week 12, both P > 0.05) (Fig 1c). Furthermore, 
as shown in Figure 1d, after stress the sucrose preference 
of the CUMS group was reduced significantly compared 
with that of the CONT group (week 8, P < 0.05; week 12, 
P < 0.05), and this reduction was restored by supplemen-
tation with fluoxetine in the CUMS + DT group (week 
8, P > 0.05; week 12, P > 0.05). These results confirmed 
that the CUMS applied to rats in this study induced long-
term psychological stress; this ensures that follow-up 
studies will be conducted. 

7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deox-
ycholate, 0.1% SDS). 50 mg of total protein extracts 
were size fractionated by SDS/PAGE and transferred 
to polyvinylidene difluoride membranes (Amersham 
Biosciences, Buckinghamshire, UK). Membranes were 
then incubated with primary antibodies that recognise 
rat aggrecan (1:5000, Abcam), Collagen II (1:500, 
Abcam), MMP-3 (1:500, Abcam), MMP-9 (1:5000, 
Abcam), TIMP-1 (1:200, Abcam); Tublin (Santa Cruz 
Biotechnology) overnight at 24°C. Then membranes 
were incubated with horseradish peroxidase-conjugated 
secondary antibody (1:2000, ZhongShan Goldenbridge 
Biotechnology Co, Beijing, China) for 1 h at room tem-
perature. Finally, the membranes were washed again 
and visualised using an enhanced chemiluminescence 
kit (Millipore, Billerica, MA, USA). The densitomet-
ric analysis of the protein band was performed using 
Bio-Rad Quantity One software (Bio-Rad, Hercules, PA,  
USA). All samples were run in duplicate on separate 
gels, and HSP70 content was expressed relative to Tub-
lin in arbitrary units.

Statistical analysis

All data of the control group, CUMS group and CUMS 
+ DT group were analysed by one-way analysis of vari-
ance (ANOVA) with SPSS 13.0 software (SPSS insti-
tute, Chicago, IL, USA). The SNK-q test was then used 
to calculate any differences between the two subgroups. 
Data were expressed as means ± standard deviation 

Table 1  Real-time PCR primers used in the experiments.

Target Primer sequence (5’-3’) Bp GenBank Acc

β-actin
AGGCCAACCGTGAAAAGATG
ACCAGAGGCATACAGGGACAA

100 NM_031144

Aggrecan
TCCGCTGGTCTGATGGACAC
CCAGATCATCACTACGCAGTCCTC

101 NM_022190

Collagen II
CTGGTGGAGCAGCAAGAGC
GTGGACAGTAGACGGAGGAAAG

144 NM_012929

MMP-3
TCCCAGGAAAATAGCTGAGAACTT
GAACCCAAATGCTTCAAAGACA

73 NM_133523

MMP-9
CCACCGAGCTATCCACTCAT
GTCCGGTTTCAGCATGTTTT

159 NM_031055

TIMP-1
ACAGGTTTCCGGTTCGCCTAC
CTGCAGGCAGTGATGTGCAA

134 NM_053819
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Histological changes in condylar cartilage

The H&E staining results showed that the surface of 
the condylar cartilage in the CONT group was smooth 
and intact with clearly recognised fibrous, proliferative, 
hypertrophic and endochondral ossification layers, and 
the ECM was distributed evenly, predominantly in the 
proliferative and hypertrophic layers (Figs 2a and d). 

Fig 1  Evaluation of CUMS 
model. a) Total distance 
moved; b) Time spent in 
the centre zone; c) Plasma 
CORT; d) Sucrose prefer-
ence. All data are means ± 
SD * P < 0.05, vs matched 
CONT subgroup; #  P  <  0.05, 
vs matched CUMS + DT 
subgroup. CONT, control 
group; CUMS, chronic 
unpredictable mild stress 
group; CUMS + DT, chronic 
unpredictable mild stress 
with drug (fluoxetine) treat-
ment group.

a b

c d

Fig 2  CUMS induced pathological lesions in condylar cartilage morphology. a) Sagittal section of condyle from the 8-week CONT 
subgroup; b) Sagittal section of condyle from the 8-week CUMS subgroup; c) Sagittal section of condyle from the 8-week CUMS 
+ DT subgroup; d) Sagittal section of condyle from the 12-week CONT subgroup; e) Sagittal section of condyle from the 12-week 
CUMS subgroup; f) Sagittal section of condyle from the 12-week CUMS + DT subgroup. F, fibrous layer; P, proliferative layer; H, 
hypertrophic layer; E, endochondral ossification layer. Bar = 200 μm.

However, in the CUMS group, lesions appeared in the 
central and posterior parts of the mandibular condylar 
cartilage after long-term psychological stress. These 
lesions were characterised by disarrangement of cellular 
disposition and damaged continuity in the proliferative 
and hypertrophic layers of the mandibular condylar car-
tilage in five out of eight joints examined in the 8-week 
CUMS subgroup (Fig 2b). In addition to the above path-
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ological changes, severe cell loss in the proliferative 
and hypertrophic layers was observed in six out of eight 
joints in the 12-week CUMS subgroup (Fig 2e). There 
were no obvious pathological alterations in the condylar 
cartilage of the CUMS + DT group (Figs 2c and f).

The expressions of inflammatory cytokines 

As shown in Figure 3, psychological stress significantly 
increased the contents of IL-1 , IL-6 and TNF-  in the 
condylar cartilage not only in the 8-week but also the 

12-week CUMS subgroups when comparing with the 
ones that in the time-matched controls (all P < 0.05). 
After administrating the fluoxetine, the abnormal expres-
sions of the inflammatory cytokines at either time point 
reversed to the control level (all P > 0.05).

Protein levels of aggrecan and collagen II 

In the CONT group, the aggrecan immunoreactivity was 
distributed evenly in the ECM of the proliferative and 
hypertrophic cartilage layers, and the collagen II immu-

Fig 3  Expressions of inflammatory cytokines in condylar cartilage. a) The level of IL-1β; b) The level of IL-6; c) The level of TNF-α.  
* P < 0.05, vs matched CONT subgroup; # P < 0.05, vs matched CUMS + DT subgroup. CONT, control group; CUMS, chronic unpre-
dictable mild stress group; CUMS + DT, chronic unpredictable mild stress with drug (fluoxetine) treatment group.

a b c

Fig 4  Protein levels of aggrecan and collagen II in cartilaginous ECM. a) Immunohistochemical staining of aggrecan and collagen  II; 
b) Western blotting analysis of aggrecan and collagen II. * P < 0.05, vs matched CONT subgroup; # P < 0.05, vs matched CUMS + 
DT subgroup. CONT, control group; CUMS, chronic unpredictable mild stress group; CUMS + DT, chronic unpredictable mild stress 
with drug (fluoxetine) treatment group. Bar = 200 μm.

a

b
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noreactivity was distributed in the ECM of the hyper-
trophic cartilage layer. However, psychological stress 
resulted in weaker aggrecan and collagen II immuno-
reactivity in the ECM of the CUMS group. The above 
changes were reversed by drug treatment (Fig 4a). In 
addition, the results of western blotting for aggrecan and 
collagen II are shown in Figure 4b. Significantly lower 
expression levels of aggrecan and collagen II were found 
in the CUMS group than in the CONT (aggrecan, both 
P < 0.05 at weeks 8 and 12; collagen II, both P < 0.05 at 
weeks 8 and 12) and CONT + DT groups (aggrecan, both 
P < 0.05 at weeks 8 and 12; collagen II, both p < 0.05 at 
weeks 8 and 12), with no differences between the CUMS 
subgroups (aggrecan, P > 0.05; collagen II, P > 0.05) 
(Fig 4b). Aggrecan and collagen II levels were not sig-
nificantly different between the CONT and CONT + 
DT groups (aggrecan, both P > 0.05 at weeks 8 and 12; 
collagen II, both P > 0.05 at weeks 8 and 12) as shown 
in Figure 4b.

Protein levels of MMP-3, MMP-9 and TIMP-1

In the CONT group, the cells that were immunoreactive 
for MMPs were mainly located in the proliferative and 
hypertrophic cartilage layers. After psychological stress, 
MMP immunoreactivity was stronger in the 8-week and 
12-week CUMS subgroups than in the time-matched 
CONT and CUMS + DT subgroups. However, the appli-
cation of fluoxetine weakened MMP immunoreactivity. 
Stronger TIMP immunoreactivity was only observed 
in the 12-week CUMS subgroup (Fig 5a). Addition-

ally, the western blotting results showed that CUMS 
significantly increased the expression of MMP-3 and 
MMP-9 at all experimental time points (MMP-3, both 
P < 0.05 at week 8s and 12; MMP-9, both P < 0.05 at 
weeks 8 and 12) and the expression of TIMP-1 at the 
12-week time point (P > 0.05). None of these changes 
were observed in the CUMS + DT group (MMP-9, both 
P > 0.05 at weeks 8 and 12; TIMP-1, both P < 0.05 at 
weeks 8 and 12), except for the increase in MMP-3 (both 
P > 0.05 at weeks 8 and 12) (Fig 5b). 

mRNA expressions of Aggrecan, Collagen II, MMP-3, 
MMP-9 and TIMP-1

The mRNA levels of aggrecan and collagen II in the 
condylar cartilage decreased in the 8-week and 12-week 
CUMS subgroups compared with the time-matched 
controls (aggrecan, both P < 0.05 at weeks 8 and 12; 
collagen II, both P < 0.05 at weeks 8 and 12) (Figs 6a 
and b), but no significant differences in those param-
eters were observed between the CONT and CUMS + 
DT groups at either time point (aggrecan, both P > 0.05 
at weeks 8 and 12; collagen II, both P > 0.05 at weeks 
8 and 12) (Figs 6a and b). In addition, the mRNA levels 
of MMP-3 and MMP-9 were significantly increased at 
week 8 and week 12 and the mRNA level of TIMP-1 
was significantly increased at week 12 in the CUMS 
group compared to the CONT and CUMS + DT groups 
(vs CONT: MMP-3: both P < 0.05 at weeks 8 and 12; 
MMP-9: both P < 0.05 at weeks 8 and 12; TIMP-1: 
P < 0.05 at week 12; vs CUMS + DT: MMP-3: both 

Fig 5  Protein levels of MMP-3, MMP-9 and TIMP-1 in cartilaginous ECM. a) Immunohistochemical staining of MMP-3, MMP-9 and 
TIMP-1; b) Western blotting analysis of MMP-3, MMP-9 and TIMP-1. * P < 0.05, vs matched CONT subgroup; # P < 0.05, vs matched 
CUMS + DT subgroup. CONT, control group; CUMS, chronic unpredictable mild stress group; CUMS + DT, chronic unpredictable 
mild stress with drug (fluoxetine) treatment group. Bar = 200 μm.

a

b
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P < 0.05 at weeks 8 and 12; MMP-9: both P < 0.05 at 
weeks 8 and 12; TIMP-1: P < 0.05 at week 12). The 
mRNA levels of MMP-9 and TIMP-1 were not altered 
in the CONT + DT group compared to the CONT group 
(MMP-9, both P > 0.05 at weeks 8 and 12; TIMP-1, 
both P > 0.05 at weeks 8 and 12) (Figs 6c to e), but the 
mRNA level of MMP-3 was higher in the CONT + DT 
group than in the CONT group (both P < 0.05 at weeks 
8 and 12) (Fig 6c).

Discussion

In modern society, people are faced with multiple stimuli 
from all aspects of life and work, including enormous 
life pressures and fierce social competition. Long-term 
stimulation inevitably produces psychological stress 
in humans, which affects everyone on a daily basis. 
Although psychological stress in mammals triggers a 
rapidly organised response for survival, it can also result 
in a variety of behavioural disorders and can alter physi-
ological functions2. For simulating the human depres-
sion situation, a series of rodent psychological stress 
models were established. For example, the restraint 
stress model by immobilising animals in snug body-
size cages of wire mesh is regularly employed while 
studying behavioural changes and pathologic processes 
associated with human depressive disorders20,21. The 

phenomenon of altered locomotor activity, as well as 
physiological function, were also found in the rats, who 
experienced socially isolation22, maternal deprivation23 
or tail suspension24. However, the stresses in the above-
mentioned models are too single to prevent the animals’ 
habituation if presented repeatedly25. In addition, they 
are not suitable to evaluate the efficiency of antidepres-
sants for a long period of observation. CUMS consists 
of several unpredictable and mild stressors. It is widely 
used in studies to mimic chronic stresses in human daily 
life26,27. The major advantage of CUMS is the avoidance 
of animal adaptation to invariant stressors by employ-
ing various physical and psychological stressors in a 
predetermined manner. Also, the prolonged time course 
of the model was suitable for determining the effects of 
chronic drug treatments. Consequently, we established a 
psychological stress animal model using CUMS in this 
study. After 8 and 12 weeks of exposure to CUMS, the 
concentration of CORT was altered, indicating altera-
tions in HPA axis function. Additionally, the observed 
behavioural alterations and development of anhedonia 
were similar to the symptoms of clinical depression. 
These results indicate the effectiveness of the CUMS 
paradigm for establishing a model of depression, which 
is one of the most common stress-related human psy-
chological disorders; thus, CUMS closely mimics the 
stressors in human life.

Fig 6  mRNA expression of aggrecan, collagen II, MMP-3, MMP-9 and TIMP-1 in cartilaginous ECM. a) mRNA expression of 
aggrecan; b) mRNA expression of collagen II; c) mRNA expression of MMP-3; d) mRNA expression of MMP-9; e) mRNA expression 
of TIMP-1. * P < 0.05, vs matched CONT subgroup; # P < 0.05, vs matched CUMS + DT subgroup. CONT, control group; CUMS, 
chronic unpredictable mild stress group; CUMS + DT, chronic unpredictable mild stress with drug (fluoxetine) treatment group. 

a b c

d e



133The Chinese Journal of Dental Research

Li et al

Obvious pathological changes occurred in the con-
dylar cartilage of rats exposed to psychological stress, 
and TMJ lesions appeared in a time-dependent man-
ner, with more lesions and more severely damaged 
condyles in the 12-week CUMS subgroup than in the  
8-week CUMS subgroup. These histological find-
ings suggest that stress-induced TMD is a cumulative 
process. Although the condyle can compensate for the 
adverse effects of external chronic pessimal stimula-
tion via autoregulation, TMJ damage is unavoidable 
if the intensity and duration of the stress exceeds the 
compensatory capacity of the condyle. In addition, 
the pathological changes were mainly observed in the 
proliferative and hypertrophic layers of the middle and 
posterior regions of the TMJ. This may be because 
these layers are susceptible to mechanical stress28,29 

and because the central and posterior parts of the TMJ 
are its main functional areas where most joint loading 
occurs14,15. 

Physiologically, mandibular condylar cartilage 
remodels throughout life to accommodate changes in 
mechanical loading during mandibular functions, such 
as occlusion and chewing. Excessive masticatory mus-
cle activity inevitably results in chronic overuse of the 
TMJ, consequently leading to cartilage damage30. We 
have previously confirmed that stress causes masseter 
over-activity31. Other research also demonstrated that 
emotional stress induces brux-like activity in the mas-
seter muscles of rats32. Therefore, the observed patho-
logical changes in the condyle when rats are exposed to 
long-term psychological stress are logical. 

The ECM is responsible for the unique biomech-
anical properties of articular cartilage. Progressive 
destruction of the ECM causes cartilage failure33,34. 
Proteoglycan and collagen are the essential components 
of articular ECM. The main proteoglycan of articular 
ECM is aggrecan, and it is crucial for maintaining 
the normal chondrocyte phenotype; in contrast, col-
lagen has a role in resisting tensional forces8. When 
physiology is normal, the synthesis and degradation 
of the matrix proteins in the joint are in equilibrium. 
However, excessive degradation leads to progressive 
loss of matrix proteins and joint integrity35. Type II 
collagen and aggrecan are the two major targets of this 
degradation, and their loss substantially contributes to 
the occurrence and progression of TMD14,36. In the 
present study, the protein and mRNA levels of aggrecan 
and collagen II in the condylar cartilage of the 8-week 
and 12-week CUMS subgroups were decreased sig-
nificantly compared with the time-matched CONT and 
CONT + DT subgroups. Similar findings of decreased 
aggrecan and collagen II levels were also reported 

in other animal models of condylar cartilage degen-
eration14, indicating that long-term psychological stress 
increases collagenolytic activity and may increase the 
vulnerability of the condylar cartilage. 

MMPs are classified into several subfamilies: colla-
genases (MMP-1, -8, and -13), gelatinases (MMP-2 and 
-9), stromelysins (MMP-3, -10, and -11), membrane-
type MMPs, and other sub-families. They are consid-
ered destructive enzymes under certain pathogenic 
conditions of joints37. Many studies have documented 
the important roles of MMPs in the development of 
joint diseases. For example, Freemont et al38 found 
no MMPs in normal knee cartilage. However, MMP-3 
and MMP-9 expression was increased in the knees of 
an osteoarthritis model. Domestic researchers have 
also reported over-expression of MMP-3 and MMP-9 
in the condyles of a TMJ osteoarthritis model, and 
this was accompanied by subchondral bone loss14. 
Physiologically, MMPs are secreted by chondrocytes 
following stimulation by proinflammatory cytokines39. 

We have noted the up-regulation of IL-1 , IL-6 and 
TNF-  in mandibular condyles after CUMS paradigm 
in this study. Our group previously confirmed similar 
observations in rats16. Therefore, the observation of 
higher MMP-3 and MMP-9 expression levels in the 
condylar cartilage of animals under psychological 
stress induced by CUMS seems reasonable. Moreover, 
in the current study, the increase in the expression of 
MMPs in the CUMS group was observed at the same 
time as ECM degradation. Combined with the observa-
tion of high expression of MMP-3 in the CUMS + DT 
group at both of the observed time points, we propose 
that MMPs are the key enzymes in the degradation of 
ECM in condylar cartilage40 and that increased MMP-3 
expression is a key factor of the present cartilage deg-
radation model. It is commonly thought that MMP-3, 
which is secreted by fibroblasts, synovial cells and 
chondrocytes, is the most important protease for car-
tilage matrix degradation10, as MMP-3 could degrade 
most components of the extracellular matrix such as 
proteoglycans, basement membrane, elastin, laminin, 
fibronectin, and collagen IV and X. Among the MMPs, 
MMP-3 could also activate MMPs-1, 8, and 9 to pro-
mote the pathological degradation of collagen11. MMPs 
are regulated by TIMPs. Because TIMPs directly 
regulate MMP activities, their expression in pathologi-
cal conditions is considered to be as important as the 
expression of MMPs. A positive relationship between 
the intercartilaginous expression of TIMP-1 and stimu-
lation intensity has been reported41. In this study, 
the TIMP-1 expression did not change in accordance 
with the increased MMPs at week 8. And the MMP-3 
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still exhibited higher expressed though the TIMP-1 
restored to the control level after administration drug. 
This hinted to us the imbalance between MMPs and 
TIMP-1, which may play a role in the degradation of 
the condylar cartilage of our experimental animals. 
For verifying this presumption, the loss of type IV and 
type V collagens and aggrecan that are the substrates of 
MMP-3 and MMP-91142, respectively, are expected in 
the future. In addition, we noted the significant TIMP-1 
expression after 12 weeks of psychological stress. This 
may be due to the compensatory activity of TIMP-1 in 
response to the noxious stimulation of long-term psy-
chological stress, as well as the local condylar protec-
tive response, both of which counteract the sustained 
increase in MMPs. 

In the current study, we found that the altered 
exploratory behaviour and loss of responsiveness to 
pleasant stimuli caused by CUMS did not occur in 
the rats exposed to CUMS who were also treated with 
fluoxetine. There was less condylar cartilage degrada-
tion in the CUMS-DT group than in the CUMS groups 
at both time points. This anti-stress treatment also 
obviously reversed the abnormal ECM metabolism and 
increased MMP expression caused by CUMS. These 
findings further support the assumption that psycho-
logical stress exerts adverse influences on the TMJ. 
As a potent and selective inhibitor of neuronal seroto-
nin (5-hydroxytryptamine) reuptake43, fluoxetine may 
reduce the velocity of cortical spreading depression 
propagation44, which results in obvious improvement 
of the depressive-like behaviour of animals. Moreover, 
it is well known that the position and movements of the 
jaw in mammals are controlled by the masticatory mus-
cles, which are innervated by motor neurons located in 
the divisions of the trigeminal motor nucleus (MoV). 
Researchers have found that fluoxetine suppresses the 
MoV transmission and attenuates the enhancement of 
the electrical activity of the masseter muscle in stressed 
rats45, proving the inhibitory effects of fluoxetine on 
masseter over-activity. By combining the results of pre-
vious reports and those of the current study, we propose 
that psychological stress induces oral parafunctional 
activity31,33 giving rise to increased TMJ load and fur-
ther condylar cartilage degeneration30 and that these 
effects of psychological stress can be effectively allevi-
ated by the antagonistic effects of fluoxetine.

Conclusion

In summary, the present study confirmed that psycho-
logical stress induced by CUMS results in obvious car-
tilage degradation in the TMJ accompanied by altered 

MMP metabolism and local loss of ECM. These findings 
indicate one possible pathological mechanism of TMD. 
Early antidepressant intervention therapy is beneficial 
for the treatment of psychogenic TMD.
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