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Abstract: Angiogenesis has been reported participated in temporomandibular joint osteoarthritis (TMJ-OA). While
the pathogenesis is unclear, recent studies indicate that hypoxia is important in TMJ-OA. In order to induce osteoar-
thritis-like lesions in mandibular condyles, rats were sleep deprived experimentally. An increased number of blood
vessels were observed in the rats’ condyles of SD and SR group compared with controls. Protein and mRNA levels of
related factors including VEGF, HIF-1 and Notch were investigated by means of immunohistochemical staining, west-
ern blot and real-time PCR, which were highly expressed in the TMJ-OA rats. Furthermore, Cell test was designed to
study effects of hypoxia on condylar chondrocytes. We found the expression of VEGF, HIF-1 and Notch were signifi-
cantly increased in hypoxia group, indicating that HIF-1-Notch-VEGF signaling pathway were activated by hypoxia.
The inhibitors of HIF-1 and Notch could suppress the expression of HIF-1, VEGF, Notch, suggesting the HIF-1-VEGF-
Notch signaling pathway were bidirectional. Together, hypoxia played an important role in TMJ-OA and accelerates
angiogenesis of condylar cartilage through HIF-1-VEGF-Notch signaling pathway. HIF-1a and Notch might be novel
therapeutic targets in TMJ-OA.
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Introduction

Osteoarthritis (OA) is a commonly and frequent-
ly encountered disease, characterized by pro-
gressive degradation of articular cartilage,
osteophyte formation and synovial inflamma-
tion. Temporomandibular joint (TMJ) is one of
the most common sites of OA; however, the
pathogenic mechanisms of TMJ-OA are still
unclear. Several studies found hypoxia involved
in TMJ-OA, and stimulating the expression of
vascular endothelial growth factor (VEGF) [1-3],
which was closely related to angiogenesis.
Meanwhile, angiogenesis of condylar cartilage
and disc played an important role in the devel-
opment of TMJ-OA [4].

Angiogenesis induced by hypoxia is mediated
by a ubiquitous and highly conserved transcrip-
tion factor, hypoxia inducible factor-1 (HIF-1)
[5]. HIF-1 is a heterodimer consisting of a con-

stitutively expressed 3 subunit and an oxygen-
regulated o subunit, which primarily determines
HIF-1 activation [6]. HIF-1« is degraded prompt-
ly under normoxic conditions but stabilized
under hypoxic conditions, rapidly translocating
to the nucleus, where it initiates the expression
of VEGF [7]. Notch signaling pathway is a highly
conserved intercellular pathway, which is anoth-
er important pathway in angiogenesis [8]. VEGF
could accelerate the expression of Notch recep-
tor and activate Notch signaling pathway, and
Notch could in turn affect the expression of
VEGF. These interactions between VEGF and
Notch signaling pathway play a vital role in
angiogenesis.

Several studies have demonstrated that Notch
signaling may interact with HIF-1 under hypoxia
condition [9, 10], hypoxia could activate Notch-
responsive promoters and up-regulate the
expression of Notch downstream genes, such
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as hairy and enhancer of split 1 (Hesl). Wei
[11] further indicated that Notch-1/HIF-1a
interactions mediated hypoxia-induced angio-
genesis and invasion in inflammatory arthritis.
Hypoxia-induced angiogenesis and endothelial
cell function in vitro were Notch-1 dependent;
Notch-1inhibitor could obviously weaken hypox-
ia-induced angiogenesis and endothelial cell
function in vitro.

The present study was done to explore how
hypoxia affects angiogenesis, and evaluate
what role angiogenesis and HIF-1x, VEGF,
Notch-1 play in TMJ-OA. TMJ-OA rat animal
model was established, structure changes and
angiogenesis of condylar cartilage were obser-
ved. The expression levels of related factors
(HIF-1a, VEGF, Notch-1, Hes1) were detected.
We also studied the effect of hypoxia on HIF-1/
Notch-1 signaling pathway in chondrocytes,
including the effects of HIF-1 or/and Notch-1
inhibition in vitro.

Materials and methods
Animal model

The modified multiple platform method (MMPM)
was used to induce experimentally TMJ-OA rat
model as previously described [12]. Briefly, the
rats were put into a glass water tank contained
15 small platforms (diameter, 6.5 cm) or a grid
(Figure S1). The grid was made of steel (about 2
cm apart), and it was used as environmental
control. The tank was filled with water until
approximately 1 cm from upper surface of the
platforms or grid. Eight rats were placed in
each tank, rats placed on the small platforms
could jump from one to another, but when they
reached the paradoxical phase of sleep, their
faces would touch the water as the muscle ato-
nia. Thus, the rats in the small platforms suf-
fered from sleep deprivation continuously,
meanwhile rats placed on the grid could lie
down and sleep despite their tails might touch
the water.

The rats could get chow pellets freely from a
steel plate located upon the platforms or grid,
since the major part of the plate was mesh
structure other than the surrounding edge. The
temperature of water and experimental room
was controlled at 23°C and a 12:12 h light-dark
cycle was created (lights on at 7:00 and off at
19:00). The water was changed daily and the
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rats were put into the tank for 18 h/d (starting
at 16:00).

Animal experiment

One hundred and eighty male Wistar rats
(8-week-old, weighting 200-220 g) were pur-
chased from the Laboratory Animal Center of
Shandong University (Jinan, China). The rats
were randomly divided into 3 groups: the con-
trol groups (CN groups, n = 60), sleep depriva-
tion groups (SD groups, n = 60), and the spon-
taneous recovery groups (SR groups, n = 60).
The SD and SR rats were placed on small plat-
forms to achieve sleep deprivation, while the
CN rats were placed on the grid. The rats were
acquainted with the library conditions for one
week and adapted to the model for 30 min/d
for another week prior to the start of
experiment.

The SD and CN rats were sacrificed at the end
of 4th, 6th and 8th week after the beginning of
the experiment (20 rats per subgroup), and
they were defined as SD4, SD6, SD8, CN4,
CN6, CN8 subgroup. While the SR rats suffering
from sleep deprivation until the end of 4th, 6th
and 8th week; subsequently were sacrificed
after one week of recovery by housed in the
cages (20 rats per subgroup), and they were
defined as SR4, SR6, SR8. All the animals were
sacrificed by injection of overdose pentobarbi-
tal sodium and their bilateral condyles were
removed. All the experimental procedures per-
formed in this study were approved by the
Committee on the Ethics of Animal Experiments
of Jinan Military General Hospital (No. IACUC-
2013-001). All surgery was performed under
sodium pentobarbital anesthesia, and we have
tried our best to minimize rat suffering.

Tissue preparation

Eight rats of each subgroup were randomly
selected and their bilateral condyles with sur-
rounding tissues were resected, fixed in 10%
buffered paraformaldehyde and decalcified
with 10% EDTA for 4 weeks at 4°C. Then they
were embedded in paraffin, and sagittal sec-
tions (5 pym) were cut in the midpoint of the
joint. The sections were used for hematoxylin
and eosin (HE) and immunohistochemical
staining.
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number of microvessels/mm2
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Figure 1. Angiogenesis at the osteochondral junction. (A, B) Representative
images of immunofluoresense staining showed the vessels at the osteo-

then incubated overnight at
4°C with primary antibodies
including those that HIF-1a
(Novus Biological, NB10O0-
449, USA), Cleaved Notch-1
[Notch-1 intracellular domain,
NICD (Cell Signaling Techno-
logy, #2421, USA)] and VEGF
(Abcam, ab46154, USA). An-
tibody binding was localiz-
ed using a secondary biotin-
labeled anti-rabbit antibody
and the streptavidin-conjugat-
ed horseradish peroxidase
(Bohai biotechnology, China),
and revealed using 3, 3’-diami-
nobenzidine as the chromo-
genic substrate for peroxi-
dase. The slides were then
rinsed with phosphate buffer
solution (PBS), and counter-
stained with hematoxylin, de-
hydrated, cleared, and mo-
unted.

chondral junction in different views. White arrows indicated a same vessel.

Original magnification x100 (A) and x200 (B), scale bars = 100 um. (C) The

Micro vessel density (MVD)

micro vessel density (MVD) in all groups. MVDs of the SD groups were higher

than CN groups, and increase in a time-dependent manner. Bars represent
the mean + SD of each group. Significant differences between the groups
are marked with asterisks. (* =P < 0.05, ** = P < 0.01).

The condyles of the other twelve rats in each
subgroup were immediately frozen in liquid
nitrogen and stored at -80°C. Among these
rats, six were randomly selected for Western
Blot analysis, another six were used for real-
time quantitative reverse transcription poly-
merase chain reaction (RT-PCR) analysis. Bi-
lateral condyles of each rat were collected as
one sample, ensuring that protein or RNA was
sufficient for analysis.

Immunohistochemistry

To examine the expression of HIF-1a, Notch-1
and VEGF and their localized distribution, im-
munohistochemical staining was performed on
routinely process. Briefly, the sections were
dewaxed in xylene, rehydrated, and pretreated
with 3% hydrogen peroxide in methanol. Micro-
wave treated antigen retrieval was performed
and non-specific binding was blocked using
goat serum for 30 min, and the slides were
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MVD of osteochondral junc-
tion was evaluated with CD-
105 which was regarding as
endoglin, and immunofluore-
sense was performed. Briefly, the sections
were dewaxed in xylene, rehydrated, and pre-
treated with 3% hydrogen peroxide in metha-
nol. Microwave treated antigen retrieval was
performed and non-specific binding was
blocked using goat serum for 30 min, and the
slides were then incubated overnight at 4°C
with rabbit anti-CD105 polyclonal antibodies
(Boster, BA2227, China). Fluorescently-labeled
anti-rabbit antibody was then used, rinsed with
PBS, dried and mounted.

MVD was assessed according to Weidner’s [13]
method. Briefly, the sections were scanned at
100x magnification to select the three most
highly vascularized areas (“hot spots”), in which
the micro-vessels were counted at 200x mag-
nification and their density indicated the mean
number of micro-vessels/mm?2. Any luminous
single endothelial cell or cell cluster, with or
without a discernible lumen, which was clearly
separated from the adjacent micro-vessels,
cells or other connective tissue elements was
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Table 1. Simplified scoring scale for HIF-1a, VEGF and NICD

Criteria
Score
HIF-1o VEGF NICD
0 No positive expression Fewer more than 50% of No positive expression
deep chondrocytes positive
1 Some, but fewer more than 50% 50% or more of the deep Fewer more than 50% of
of deep chondrocytes positive chondrocytes positive deep chondrocytes positive
2 50% or more of the deep Positive chondrocytes in the 50% or more of the deep
chondrocytes positive deep and intermediate zones chondrocytes positive
3 Positive chondrocytes in the deep Positive chondrocytes in the Positive chondrocytes in the

and intermediate zones, even into
the superficial zone

deep, intermediate and
superficial zones

deep and intermediate zones

regarded as a countable vessel (Figure 1A,
1B).

Histological scores

HE, immunohistochemical and immunofluore-
sense staining sections were observed using a
light microscope (DM 2500, Leica, Germany),
MVD and histological scores were counted by
two independent viewers. Chondropathy scores
were evaluated according to Janusz's method
[14]. The cartilage damage was scored as fol-
low: 0. Normal, Cartilage with normal appear-
ance; 1. Minimal, superficial zone only; 2. Mild,
extends into the upper middle zone; 3. Mo-
derate, well into the middle zone; 4. Marked,
into the deep zone but not to tidemark; 5.
Severe, full thickness degeneration to tide-
mark. The amount of cartilage damage was
assessed as 1/3, 2/3 or major (>2/3) of the
surface of the condylar cartilage, and the above
score multiplied by 1, 2 or 3 respectively to get
a total chondropathy score.

Scores of immunoreactivities for HIF-1a, VEGF
and NICD were also counted and the scoring
systems were devised based on initial qualita-
tive analysis (Table 1) depending on percent-
age and/or location of immunoreactive chon-
drocytes.

Western blot

Ground up and mixed with RIPA lysis buffer
(Beyotime, China) and 1 mmol/L phenylmeth-
anesulfonyl fluoride (PMSF), condyles were
then homogenized in a gentle MACSTM Dis-
sociator (Miltenyl Biotec, Germany). The sam-
ples were centrifuged at 15,000 r/min, 4°C for
10 min to get supernatant for future determina-
tion. The protein concentrations were mea-
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sured using a BCA kit (Beyotime, China), and
then 50 pg protein samples were subjected to
sodium dodecyl sulfate-polyacrylamide (10%)
gel electrophoresis (SDS-PAGE) using a tris-gly-
cine running buffer. Subsequently, they were
transferred onto a polyvinylidenefluoride (PV-
DF) membrane (Solarbio, China). The mem-
brane was blocked in blocking buffer [5% non-
fat milk in trisbuffered saline containing 0.05%
Tween-20 (TBST)] at room temperature for 2 h,
and then incubated overnight at 4°C with pri-
mary antibodies including those that HIF-1a
(Novus Biological), NICD (Cell Signaling Te-
chnology), VEGF (Abcam) and 3-actin (Beyotime,
AA128, China). After washing three times (5
min per wash) with TBST, the membrane was
incubated with a horse radish peroxidase-con-
jugated secondary antibody (Bioworld, BS-
13278, USA or Beyotime, A0126, China). The
membrane was washed three times (5 min per
wash) with TBST again, and enhanced chemilu-
minescence using an ECL chemiluminescence
kit (Beyotime, China). The blots were expos-
ed to autoradiographic film for 1-2 min for
detection.

RT-PCR

Total RNA was prepared using Trizol reagent
(Sangon Biotech, SK1311, China), following the
manufacturer’s instruction. GADPH was used
as an endogenous control, and target gene
primers were designed as follows: HIF-1q,
CGATGACACGGAAACTGAAG (forward) and CA-
GAGGCAGGTAATGGAGACA (reverse); VEGF, CC-
GGTTTAAATCCTGGAGCG (forward) and TTT-
AACTCAAGCTGCCTCGC (reverse); Notch-1, GT-
GAGTGGGATGGACTGGAC (forward) and GGA-
AGGAGTTGTTGCGTAGC (reverse); Hesl, GT-
GGGTCCTAACGCAGTGTC (forward) and TCAG-
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AAGAGAGAGGTGGGCTA (reverse); GADPH, AT-
GATTCTACCCACGGCAAG (forward) and CTG-
GAAGATGGTGATGGGTT (reverse). Reverse tran-
scription and real-time PCR were performed in
a reaction volume of 20 uL by using Pri-
meScript™ RT Reagent Kit (Perfect Real Time)
(TaKaRa, RRO37A, Japan) and SYBR® Premix Ex
Tag™ Il (Tli RNase H Plus) (TaKaRa, RR820A,
Japan) according to the manufacturer’s instruc-
tion. Assays were performed in triplicates using
default program and the expression levels of
the target genes relative to GADPH were calcu-
lated by the formula 222%, the CN4 subgroup
was used as the calibrator.

Cell culture

The dissections harvested from ten 3-week-old
Wistar rats TMJ condyles were minced and
digested in 0.25% trypsin (Invitrogen, USA) at
37°C for 10 min. Centrifuged deposit was incu-
bated in 0.2% collagen Il (Invitrogen, USA) for 2
h. Subsequently, the condylar chondrocytes
were washed and resuspended in Dulbecco’s
Modified Eagle Medium [DMEM (sigma, USA)]
containing 10% fetal bovine serum [FBS (sigma,
USA)], penicillin/streptomycin (100 unites/ml)
and were used for experiments between pas-
sages 3 and 5.

Chondrocytes were placed at 1x10° cells/well
in 6-well plates, and cultured at 37°C in a
humidified incubator or hypoxia chamber, and
divided into four groups: N group (cultured
under normoxic condition, 21% 0,, 5% CO, and
74% N,); H group (cultured under hypoxia condi-
tion, 1% 0,, 5% CO, and 94% N,); H+Y group
[cultured under hypoxia condition in media with
50 uM (3-(50-hydroxymethyl-20-furyl)-1-benzyl
indazole (YC-1), specific HIF-1a inhibitor; sigma,
USA)]; H+D group [cultured under hypoxia con-
dition in media with 50 yM DAPT (y-secretase
inhibitor which was usually used to block Notch
signaling pathway; sigma, USA)]. After cultured
for 24 h under experimental conditions, the
expression levels of HIF-1a, NICD/Notch-1,
VEGF and Hes1 were assessed by Western Blot
and RT-PCR as previously described (The N
group was used as the calibrator).

Statistical analysis

Statistical analysis was performed using
Statistical Package for Social Scientists (SPSS)
version 13.0 software (SPSS inc., Chicago,
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USA). Histological scores (scores of immunore-
activities and chondropathy scores) were
recorded as median and inter-quartile range
(IQR), and analyzed by Mann-Whitney U tests.
Experimental data of RT-PCR, Western Blot and
MVD were recorded as means with 95% confi-
dence interval (Cl) and analyzed by student’s
t-test or one-way ANOVA followed by Dennett’s
or Turkey’s post-test. Associations between
variables are expressed as Spearman’s correla-
tion coefficients. P-value of less than 0.05 was
considered statistically significant.

Results
TMJ-OA rat model was successfully established

In control (CN) groups, normal appearance of
the condylar cartilages was observed by hae-
matoxylin and eosin (HE) staining, the surface
was smooth and chondrocytes were evenly dis-
tributed inside cartilage as four layers, no obvi-
ous histopathological changes were found.
While the sleep deprivation (SD) groups showed
features of OA-like histopathological changes,
e.g. loss of cartilage surface integrity, reduction
and disarrangement of chondrocytes, cluster
formation and cell-free area (Figure 2). In addi-
tion, osteophyte-like formation was also found
in 2 rats (out of 8) of SD 8-week subgroup.
OA-like pathological changes of SD groups
showed progressive enhancement with time. In
the spontaneous recovery (SR) groups, histo-
pathological changes such as irregular surface,
disarrangement, and cell clusters were also
observed, but they were milder and uncommon
compared with SD groups.

The chondropathy scores of SD groups were
significant higher than CN groups at three
times, and increased in a time-dependent man-
ner (SD6/SD4: P=0.013,SD8/SD6: P =0.019).
The scores of the CN group was 0, 0-0 (median
and inter-quartile range), the scores of SR
group (3.5, 2.25-4) increased significantly (P <
0.01), while lower than SD group (6, 4-6) at 8
week.

These findings confirmed that sleep deprivation
could cause OA-like pathological changes of rat
TMJ, which might be reversible at the early
stage.

Angiogenesis at osteochondral junction

In CN groups, blood vessels were clearly con-
fined within the calcified cartilage layer using
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SD6 SD8

SR4 SR6

CN4 CNG

Figure 2. Rats TMJ sections of HE staining. (A) In CN groups, the condylar cartilage displayed normal appearance,
the articular surface was smooth and chondrocytes were homogenously distributed throughout the cartilage. Con-
dylar cartilage could be clearly distinguished as four layers, fibrous layer (F), proliferating cell layer (P), mature cell
layer (M), hypertrophic cell layer (H). While histopathological changes, such as loss of cartilage surface integrity
reduction and disarrangement of chondrocytes, cluster formation and cell-free area (black arrows) were observed
in SR and SD groups. Blood vessels at the osteochondral junction are indicated by white arrows. The tidemark was
indicated by red arrows. Scale bars = 100 ym, original magnification x100.

immunofluorescence and HE staining, below vessels were found at osteochondral junction
the tidemark (junction of calcified cartilage and of the rats’ condyle in SD and SR group (Figures
noncalcified cartilage) (Figure 2). Contrasted 1A, 1B, 2). A few number of blood vessels
with CN group, an increased number of blood reached into the non-calcified cartilage in SD
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| ... | .
SD4 SD6 SD8 SD4

SR4 SR6 SR8

| . .
SD4 SD6

CN8

SD8

and SR group at 8 week, but the blood vessels
of CN group just located limited in the calcified
cartilage.

The micro vessel density (MVD) in the osteo-
chondral junction was calculated in all groups.
The mean MVDs of SD groups were significantly
higher than CN groups, similar to SR groups
(Figure 1C). The MVD in SD group (24.65,
22.75-26.55) was greater than CN group
(15.54, 14.04-17.03) at 4 weeks (P < 0.01).
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SD6 SD8

SR4 SR6 SR8

CN4 CNG6 CN8

Figure 3. Expression of HIF-1a, VEGF, NICD pro-
tein in rats’ condylar cartilage. Representative im-
ages of immunohistochemistry staining for HIF-1a
(A), VEGF (B), NICD (C) in the CN,SD SR groups. (A)
HIF-1a positive cells are indicated with black ar-
rows and the damaged zone of the articular disc
of TMJ is indicated with white arrows. (B) NICD-
positive cells are indicated with black arrows and
the damaged zone of the condylar cartilage is in-
dicated with white arrows. (C) VEGF-positive cells
are indicated with black arrows, the expression
of VEGF in SD and SR group was higher than CN
group. Scale bars = 100 um, original magnifica-
tion x100.

Moreover, the MVD in SD group at 8 week
(42.26, 39.80-44.73) was higher than that at 4
weeks (24.65, 22.75-26.55) (P < 0.01). MVD
were also increased in a time-dependent man-
ner in both SD and SR groups.

These results show that the blood vessels was
increased and breached into non-calcified car-
tilage in the rats’ TMJ after sleep deprivation.
Therefore, sleep deprivation can promote
angiogenesis in the TMJ.

Am J Transl Res 2019;11(5):2969-2982
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Figure 4. Western Blot showed the expression levels of HIF-1a, Notch-1, and VEGF in rats’ condylar cartilages. (A)
Representative images of Western Blot and the expression levels of HIF-1a (B), VEGF (C) and Notch-1 (D) proteins
data were normalized to B-actin protein levels. The expression of HIF-1a, VEGF, and Notch-1 in rats’ condylar carti-
lages after sleep deprivation was up-regulated, but down-regulated after one week recovery. Bars show the mean +

95% Cl, * =< 0.05, ** =P < 0.01.

HIF-1, Notch, VEGF expression were increased
in the TMJ-OA

Immunohistochemical staining showed that the
expression levels of HIF-1a, NICD and VEGF
were relativity stronger in SR8, SD6 and SD8
subgroups; while were weaker, or even negative
in SR4, SR6, SD4 subgroups and CN groups
(Figures 3, S5, S6 and S7). Positive expression
of HIF-1at and NICD were observed in both cyto-
plasm and nucleus, especially concentrated on
the chondrocytes of mature, hypertrophic layer
and cubical cells around blood vessels of osteo-
chondral junction.

Western Blot revealed that the three proteins
(HIF-1a, NICD, and VEGF) expressed in similar
way, the expression levels of SD groups were
higher than CN groups, and SR groups were
lower than SD groups. And they increased as
time evolved in both SD and SR groups, but
with little variation in CN groups (Figures 4, S2
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and S3). The notion was further proven by the
scores of immunoreactivities.

MRNA expression levels of HIF-1a, VEGF, Notch-
1 and Hes1 in condylar cartilage were detected
by RT-PCR. The expression levels of all the four
MRNAs also showed the similar pattern as their
relative proteins (Figure 5). Levels of SR and SD
group were higher than CN group, and levels of
SD group were higher than SR group. At the
meantime, these distinctions became even
more marked as time prolonged.

Angiogenesis and HIF-1, Notch, VEGF were
close correlated

Associations between these variables (MVD
and HIF-1, Notch, VEGF) are expressed as
Spearman’s correlation coefficients. Spear-
man’s correlation coefficients revealed that
MVD increased with the increase of chondropa-
thy scores and HIF-1a, NICD, VEGF scores in
SD groups (Table 2), but not in SR groups.

Am J Transl Res 2019;11(5):2969-2982
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Figure 5. RT-PCR showed the expression levels of HIF-1a (A), VEGF (B), Notch-1 (C) and Hes1 (D) mRNA in rats’
condylar cartilage. Sleep deprivation induced high expression of HIF-1a, VEGF, Notch-1 and Hes1 in rats’ condylar
cartilages. The formula 222 was used with GADPH as internal reference. Bars show the mean + 95% Cl, * = < 0.05,

** =P <0.01.

Table 2. Relationship between each investigated index of

SR and SD groups

strated that HIF-1 and Notch signaling
pathway were exactly activated, results

of our Western Blot and PCR proved it

SR group Chondropathy scores  MVD  HIF-1# Notch-1#
MVD 0.402 again. HIF-1q, NICD, VEGF score_s high-
HIF-1# 0.529"" 0.158 Ly correlateo! with MVDtarlddthelr posi-
Notch-14 0.425* 0434 0.342 ive expre55|.on concen'ra ed in vascu-
. - lar endothelial cell, which stated they
VEGF# 0.425 0.134 0.342 1.0 . .
were closely related to angiogenesis.
SD group  Chondropathy scores  MVD  HIF-1# Notch-1# High positive correlation of the four
MVD 0.788™ mRNAs also gave evidence for HIF-1-
HIF-1# 0.850 0.626 VEGF-Notch signaling pathway in TMJ-
Notch-1# 0.785™ 0.576™ 0.758™ OA, just as we had hypothesized. Thus,
VEGF# 0.661"" 0.627"" 0.508" 0.636" we confirmed angiogenesis and HIF-1-

Numerical values are Spearman’s correlation coefficients. #Means

scores of immunoreactivities of HIF-1, Notch-1 and VEGF, respectively.

*P < 0.05; P < 0.01.

Meanwhile, spearman’s correlation coefficients
indicated that the expression of the four mMRNAs
were highly correlative with each other (Table
3).

In conclusion, positive expression of HIF-1a
and NICD were observed in nucleus demon-
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Notch-VEGF signaling pathway played
an important role in development of
TMJ-OA.

Hypoxia induces high expression of HIF-1a,
VEGF and Notch-1 in chondrocytes

Chondrocytes were well cultured in a humidi-
fied incubator or hypoxia chamber. After cul-
tured under experimental conditions for 24
hours, the expression levels of HIF-1a, NICD/

Am J Transl Res 2019;11(5):2969-2982
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Table 3. Relationship between mRNA expres-
sion levels of interrelated factors of all groups

HIF-1a Notch-1 VEGF
Notch-1 ~ 0.772**
VEGF 0.810** 0.818**
Hes1 0.870** 0.879** 0.866**

Numerical values are Spearman’s correlation coeffi-
cients. **P < 0.01.

Notch-1, VEGF and Hesl were assessed by
Western Blot and RT-PCR.

Western Blot showed the three proteins (HIF-
1«, NICD, and VEGF) expressed in similar way,
highest expression in hypoxia group and signifi-
cantly higher than those of N (normoxic condi-
tion) group. In H+Y (hypoxia+YC-1, inhibitor of
HIF-1) group and H+D (hypoxia+DAPH, inhibitor
of Notch-1) group, the expression levels of the
three proteins were significantly less than
hypoxia group, but significantly higher than N
group (Figures 6A, 6B and S3, S4).

RT-PCR revealed that the expression levels of
HIF-1a, VEGF, Notch-1 and Hesl were agree
with their relative proteins, hypoxia group were
significantly higher than H+Y group and H+D
group, than N group (Figure 6C). The difference
between H+Y group and H+D group has no sta-
tistically significance.

Proteins and mRNAs expression levels of
hypoxia group were significantly higher than N
group, stated that HIF-1-Notch-VEGF signaling
pathway were activated by hypoxia. H+Y group
were lower than hypoxia group demonstrated
that blocking HIF-1 signaling pathway could
suppress HIF-1-Notch-VEGF in hypoxia condi-
tion. While H+D group were also lower than
hypoxia group indicated that controlling Notch
signaling pathway could get the same effect,
Notch could also in turn affect HIF-1-VEGF-
Notch signaling pathway. These results sug-
gested HIF-1 and Notch interacted with each
other, and the HIF-1-VEGF-Notch signaling path-
way were bidirectional.

Discussion

Angiogenesis of articular cartilage has been
found to be one of the earliest changes and
conduced to other features of OA in the knee
joint [15]. In normal joints, the micro blood ves-
sels are rarely detected in the non-calcified car-
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tilage beyond the tidemark (junction of calcified
cartilage and noncalcified cartilage) [16]. But in
OA, several recent studies have indicated that
the micro vessels from the subchondral bone
can breach the tidemark and invade into the
non-calcified cartilage [16-18]. In addition,
osteophyte formation, one of the typical chang-
es in OA joint, is believed to be angiogenesis-
dependent. Several other studies also found
that angiogenesis played an important role in
the development of TMJ-0A [1, 4], but the exact
regulatory mechanisms were still unclear.

Angiogenesis of TMJ cartilage could create
hypoxic environment, HIF-1 would be activated
and up-regulated expression of VEGF, which
was closely related to angiogenesis [1, 3]
Considering that Notch signaling pathway was
another important pathway in angiogenesis
and VEGF was positive regulatory factor of
Notch [19], we speculated that HIF-1-VEGF-
Notch signaling pathway participated in angio-
genesis of TMJ condylar cartilage for the first
time.

Many studies have showed that psychological
factors, such as sleep disorders, psychological
stress, and depression, were related to TMJ
dysfunction [20-22]. In our previous study,
MMPM have been used to establish a sleep
deprivation model of rats, and caused patho-
logical alterations in rats’ TMJ [12]. In the pres-
ent study, we increased the time of sleep depri-
vation, OA-like lesions were found in the rats’
condyles, and angiogenesis in osteochondral
junction was also detected. And the number of
blood vessels at the osteochondral junction is
markedly increased in SD groups compared
with CN groups. Our findings demonstrated
that angiogenesis also promoted development
of TMJ-OA caused by psychological factor.

We found histopathological changes such as
irregular surface, disarrangement, and cell
clusters in the SR groups were more unappar-
ent and uncommon compared with SD groups.
Thus we speculated TMJ-0A could be reversed
and treated at the early stage. It differed from
the traditional view that OA was not reversible,
could be interpreted that TMJ was a special
structure over other synovial joints in that it
required constant remodeling throughout life
[23], which need more studies to testify.
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Figure 6. Hypoxia induces high expression of HIF-1«, VEGF and Notch-1 in chondrocytes. Western Blot and RT-PCR
showed the expression of related factors in chondrocytes of N (normoxia), H (hypoxia), H+Y and H+D group. (A) Rep-
resentative Western Blot of HIF-1a, VEGF and Notch-1 in chondrocytes and (B) Western Blot data were normalized
to B-actin protein levels. The expression levels of HIF-1a, VEGF and Notch-1 proteins of H group significantly higher
than N group indicated that HIF-1-Notch-VEGF axis was activated. When adding the inhibitor of HIF-1a or Notch-1,
HIF-1-Notch-VEGF axis was suppressed. (C) The mRNA expression levels of HIF-1a, VEGF, Notch-1 and Hes-1 in dif-
ferent groups. The 224°t method was adopted with GAPDH as the reference gene. They changed in accord with their
relative proteins. Bars represent the mean + SD of each group (n = 8). Bars show the mean + 95% Cl, ** = P < 0.01.

MVDs were not correlated with the chondropa-
thy scores and HIF-1a, VEGF, Notch-1 scores in
SR groups, and mean MVDs were slightly lower
than that of SD groups which suggest that rats
in SR groups rested for only one week without
any sleep deprivation or treatments, the ves-
sels have not been degraded though HIF-1a,
VEGF, Notch-1 expression were decreased.
While angiogenesis could promote OA, it was
also a crucial step of TMJ remodeling which
alleviate the histopathological changes of con-
dylar cartilage, this could be another reason for
MVDs were still higher, when the other indica-
tors down-regulated [24].

Both receptors and ligands of Notch were trans-
membrane proteins, when Notch-1 was acti-
vated by binding of ligand to receptor, NICD
(Notch-1 intracellular domain) would be split off
and translocated to the nucleus where it initi-

2979

ated the expression of downstream genes,
which process was similar to HIF-1« [7, 25]. Our
Western Blot, RT-PCR data showed high HIF-1a
and Notch expression in SD group, and immu-
nohistochemistry showed that HIF-1x, NICD
positive expression mainly concentrated in
nucleus. These demonstrated HIF-1 and Notch-
1 were actually activated. The previous studies
have shown that VEGF was downstream gene
of HIF-1, and could induce the activation of
Notch-1 [7, 26, 27]. In the present study
Spearman’s correlation coefficients revealed
the association between HIF-1a, VEGF, Notch-
1, Hesl, MVD and chondropathy scores were
highly correlated. We could indicate that HIF-1-
VEGF-Notch signaling pathway played a vital
role in angiogenesis of condylar cartilage and
accelerated the development of TMJ-OA, as we
hypothesized.
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Most studies about HIF-1 and Notch signaling
pathway focused on malignancies, several
recent studies have explored their effects in
the pathogenesis of OA, respectively [1, 3,
28-31]. The association between HIF-1 and
Notch signaling pathway in RA have been well
established [11], but for now there is no study
on this aspect in OA. In the present study, HIF-
1a and Notch-1 were found over-expressed in
condylar cartilages of TMJ-OA rats, and interac-
tion between HIF-1a and Notch-1 were further
studied, our findings filled the research gap in
OA.

HIF-1a would be degraded promptly under nor-
moxic conditions, so we inferred hypoxia got
involved in the development of TMJ-0A, agree-
ing with the studies of Nitzan [32] and Ya-
maguchi [29]. Cernanec and Chang have dem-
onstrated that hypoxia was one of the major
pathogenesis factors in both OA and RA in the
knee joints [33, 34]. Our cell experiment indi-
cated that HIF-1 signaling pathway was activat-
ed under hypoxia condition, and then induced
VEGF and Notch signaling pathway. Proteins
and mRNAs (HIF-1a, Notch, and VEGF) expres-
sion levels in hypoxia group were significantly
increased, which stated that HIF-1-Notch-VEGF
signaling pathway was activated. Moreover, use
of YC-1 and DAPT could restrain expression of
the related genes and proteins, which demon-
strated that HIF-1 and Notch signaling pathway
interacted with each other. Blocking of HIF-1 or
Notch both could interrupt HIF-1-VEGF-Notch
signaling pathway, at least in part.

The inhibition of HIF-1a has been proven effec-
tive in curing OA and RA in vivo and in vitro [28,
35]. VEGF, the downstream gene of HIF-1 and
the most important factor in angiogenesis, its
role in treating inflammatory diseases (includ-
ing OA) and malignant tumor has received wide-
spread accepted [1, 8, 36]. Arne [37] has prov-
en that VEGF was a fascinating target in anti-
angiogenic therapies for RA. Moreover, Notch
signaling pathway, was also considered to be a
target of anti-angiogenic therapies for RA [11],
and got excellent outcomes.

Above all, we conjecture that HIF-1 and Notch
might be used as target of anti-angiogenic ther-
apies for TMJ-OA, and gave new novel ideals for
clinical treatments and/or control for TMJ-O0A,
especially at the early stage. However, more
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animal and clinical experiments are needed,
and we will continue to explore in the future.

Our study has a few limitations like other
researches in animal models. Firstly, two other
groups of rats were designed to receive intra-
articular injection of YC-1 or DAPT originally, the
mortality of the rats was so high that they were
cancelled; the effects of the inhibitors on TMJ-
OA in rats could not be studied. Secondly, the
time-series detection and comparison were
done at 2-week intervals, and the rats suffered
from sleep deprivation for only 8 weeks. Longer-
term sleep deprivation and shorter intervals
would be considered in later researches.
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Figure S1. The experimental tank contained 15 small platforms for SD groups (A) or a grid for CN groups (B). (A) The
rats on the small platforms could jump from one to another, but when they reached the paradoxical phase of sleep,
their faces would touch the water as the muscle atonia. Thus, the rats in the small platforms suffered from sleep
deprivation continuously, (B) the rats on the grid could lie down and sleep despite their tails might touch the water.
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Figure S2. Representative original western images for 3-actin including the whole membranes in rats experiment.
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Figure S3. Representative original western images for Notch including the whole membranes in rats experiment.

Figure S4. Representative original western images for B-actin including the whole membranes in cell experiment.
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Figure S5. Representative images of immunohistochemistry staining for HIF-1« in the CN, SD SR groups respec-
tively.
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Figure S6. Representative images of immunohistochemistry staining for NICD in the CN, SD SR groups respectively.
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Figure S7. Representative images of immunohistochemistry staining for VEGF in the CN, SD SR groups respectively.



