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The effect of quercetin on expression of SOX9 and subsequent release of

type II collagen in spheno-occipital synchondroses of organ-cultured mice

Veerawattanatigul Apicharta; Ricky Wongb; Bakr Rabiec; Samuel Leid

ABSTRACT
Objective: To identify the expressions of SOX9 and type II collagen in spheno-occipital synchondrosis
in response to quercetin, using a mouse in vitro model.
Materials and Methods: A total of 50 one-day-old male BALB/c mice were randomly assigned to
the control and experimental groups. Each group was subdivided into five different time points,
which were 6, 24, 48, 72, and 168 hours, and each subgroup contained 5 mice (n 5 5). In the
experimental group, the spheno-occipital synchondrosis was immersed in the BGJb medium +
quercetin dihydrate 1 mM. In the control group, the spheno-occipital synchondrosis was immersed
in the BGJb medium. Tissue sections were subjected to immunohistochemical staining for SOX9
and type II collagen expressions.
Results: Quantitative analysis revealed there was a statistically significant increase of 32.31%
(P , .001) in the expression of SOX9 between experimental groups and control groups at 24 hours.
Furthermore, there was a statistically significant increase of 22.99% (P , .001) in the expression of
type II collagen between experimental groups and control groups at 72 hours.
Conclusion: The expressions of SOX9 and type II collagen in the spheno-occipital synchondrosis
can be increased by quercetin. (Angle Orthod. 2012;82:247–253.)
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INTRODUCTION

Phytoestrogens are plant-derived nonsteroidal com-
pounds that bind to estrogen receptors (ERs) and have
a similar activity to estrogen.1 Phytoestrogens have
garnered attention with regard to their potential bene-
ficial role in prevention and treatment of cardiovascular
diseases, diabetes, obesity, osteoporosis, renal diseas-
es, menopausal symptoms, and various cancers.2,3 The
effects of phytoestrogens on osteoblast differentiation
using a mouse calvaria osteoblast-like cell line can

increase alkaline phosphatase activity and promote
mineralization of bone in these cells.4

Quercetin, 3,39,49,5,7-pentahydroxyflavone; 2-(3,4-
dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one,
C15H10O7, is one of the major phytoestrogens isolated
from onions (200–600 mg quercetin/kg onion), tea,
nuts, berries, cauliflower, cabbage, apples, and grapes.
It has been reported that only a small percentage of
ingested quercetin is absorbed into the bloodstream.5

The spheno-occipital synchondrosis is initially
formed in cartilage (the chondrocranium) on the ven-
tral surface of the brain. Its position lies between the
sphenoid bone and the occipital bone, which grows by
endochondral bone formation.6 Over the past decade, a
number of master regulator genes that control distinct
pathways of endochondral bone formation have been
discovered. Sox9 is a transcription factor that plays an
early and essential role in chondrocyte differentiation.7

Type II collagen is the most abundant extracellular
protein produced by chondrocytes8 and a major compo-
nent of the extracellular cartilage.9 Transcription of type II
collagen starts to be expressed following mesenchy-
mal cell condensation that precedes cartilage formation,
and thus it represents an early marker of chondrocyte
differentiation.10
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Recently, we demonstrated the responsive potential
of the spheno-occipital synchondrosis to mechanical
stimuli.11–13 These studies showed that the expression
of certain growth markers, such as Sox9 and type II
collagen, can be enhanced by application of mechan-
ical force. Furthermore, they revealed that organ-
cultured spheno-occipital synchondrosis can provide a
good model to study the effect of various agents on
endochondral growth.

We showed that quercetin increased the activity of
bone-forming cells in vitro14 and increased bone forma-
tion in vivo.15 Current research on quercetin also focused
on antioxidant effects, anti-inflammatory effects, anti-
cancer effects, antihypertensive effects, antidiabetic
effects, and others.16 Therefore, it is interesting to see
whether it will enhance the growth and development
process using the synchondrosis model. The aim of this
study was to investigate the effect of quercetin on
growth of the spheno-occipital synchondrosis in vitro by
measuring the amount of Sox9 and type II collagen
expression.

MATERIALS AND METHODS

This experiment was approved by the committee on
the Use of Live Animals in Teaching and Research of
the University of Hong Kong (CULATR 1743-08). A
total of 50 spheno-occipital synchondroses and sur-
rounding tissue, dissected from 1-day-old male BALB/c
mice, were randomly assigned to control and exper-
imental groups. Each group was subdivided into five
different time points, which were 6, 24, 48, 72, and
168 hours, with each subgroup containing 5 synchon-
droses (n 5 5).

Surgical Explants of the Cranial Base

According to the euthanasia guidelines of Rodent Feti
and Neonates from the Laboratory Animal Unit, the
University of Hong Kong, the animals were sacrificed
by intracardinal injection of 0.5 mL/kg pentobarbital
sodium (Dominal 20%, Alfasan, Woerden, Holland). The
spheno-occipital synchondroses together with their
adjacent structures were aseptically removed using
the procedure described by Shum et al.17 and Rukkul-
chon et al.12 and incubated in a 24-well plate with or
without quercetin in culture medium at 37uC with 5%
CO2.

Medium Culture

In the control group. The serum-free protocol was
modified from Shum et al.17 using BGJb medium
(Gibco, Invitrogen, New York, NY) supplemented with
2 mg/mL bovine serum albumin (BSA; A-9647, Sigma,
St Louis, Mo), 100 mg/mL sodium ascorbate (A-4034,

Sigma), 1 mM beta-glycerophosphate (Fluka 50020,
Buchs, Switzerland), and antibiotics and antimycotics
(Gibco, Invitrogen). The culture medium was changed
daily and maintained at 37uC and 5% CO2 in air.

In the experimental group. The serum-free protocol
similar to the control group was added with 1 mM
quercetin dihydrate solution (Sigma Q-0125). The
dosage was referenced from previous research of
quercetin on cell culture14 and confirmed from a pilot
study. The chemical was dissolved 3.3826 3 1023 gram
in 10 mL MQ H2O, autoclaved, and cooled down. The
quercetin dihydrate was added 100 mL in 100 mL
medium.

The tissue blocks of both groups were completely
immersed in the medium at all times and incubated
at 37uC under 95% air and 5% CO2 for the 6-hour,
24-hour, 48-hour, 72-hour, and 168-hour period. The
medium was changed daily. Following the incubation,
the tissues were fixed with 4% (w/v in PBS) parafor-
maldehyde at 4uC for 20 minutes, rinsed in PBS,
decalcified in 10% EDTA at 4uC for 48 hours, dehy-
drated, and embedded in paraffin.12

Histology and Immunohistochemistry

Serial paraffin sections (5 mm) were cut in the
sagittal plane, placed on poly-L-lysine–coated slides,
and air dried. After that, the sections were dewaxed
and rehydrated, antigenic sites were exposed by di-
gestion with 0.1% trypsin (Sigma, T-0646) for 10 min-
utes at 37uC, and nonspecific binding was reduced by
treating in 3% H2O2 for 10 minutes, then incubated in
3% BSA (Sigma, A-9085) blocking serum at 37uC for
30 minutes. The sections were then incubated with
Sox9 antibody (sc-20095, Santa Cruz Biotechnology,
Santa Cruz, Calif), dilution 1:100, 4uC, overnight.

The reaction was detected with an avidin-biotin
peroxidase complex kit (Santa Cruz Biotechnology)
according to the manufacturer’s instructions. Visuali-
zation was performed using 3,3-diaminobenzidine
(Sigma, D-5637), followed by a rinse in running tap
water. The sections were washed with TBS between
each step. Negative control experiments were per-
formed by incubating with TBS instead of the primary
antibody. The primary antibody dilution of type II col-
lagen (Santa Cruz, sc-7763) was 1:100 and antigenic
sites exposed by digestion with protease K (Sigma
P-6556, 10 mg/mL), 37uC, 30 minutes. The other
procedure was identical to that of Sox9.

Quantitative and Statistical Analysis

The expression of Sox9 and type II collagen in the
spheno-occipital synchondrosis was localized in brown
staining and measured with a true-color RGB (red-
green-blue) computer-assisted image-analyzing system
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with a digital camera (Leica DC 300 V2.0, Wetzler,
Germany) and with software (Leica Qwin Pro, version
2.6, Leica Microsystems Imaging Solutions) following
the method of Rabie et al.18 Cells with at least 100 pixels
of positive staining were regarded as positive. The level
of positive staining was evaluated as the area in
micrometers squared in the fixed measurement frame
800 3 1000 mm2 at 2003 magnification (Leitz Ortho-
plan, Wetzler, Germany).

For each subject, five sections were measured, and
in total, 400 sections were measured and quantified.
The amount of staining for all sections was quantified

and evaluated by one examiner. The difference
between experimental and control groups was tested
by t-test using SPSS statistical analysis software
(SPSS for Windows, version 15.0, Chicago, Ill).

Method Error

The measurement error (Me) was calculated using

Dahlberg’s formula19: Me~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
d2
�

2n
q

, where d is the
difference between the two registrations and n is the
number of double registration. Ten subjects with 30
sections were drawn randomly and were measured on

Figure 1. Average histoimmunochemical appearance (2003) of Sox9 expression in organ culture at each experimental time point in (A) the

control group and (B) the quercetin group.
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the two separate occasions 1 month apart to calculate
the method error. The method error was found to
be 0.513 mm2. There was no significant difference
(P . .05) between the two measurements.

RESULTS

Immunostaining for Sox9 Expression

In both the experimental and control groups, the
expression of Sox9 was detected predominantly in
proliferating chondrocytes and prehypertrophic chon-
drocytes (Figure 3). The level of Sox9 expression
increased dramatically from 6 hours to 24 hours in the
experimental group, reaching a peak at 24 hours and
then declining gradually until 168 hours. Meanwhile,
the expression of Sox9 in the control group decreased
gradually from 6 hours to 168 hours. By comparison,
there was maximum expression at 24 hours in the
experimental group, but expression decreased with
time in the control group. There was a statistically
significant increase (P , .001) of 32.31% in the
expression of Sox9 between control and experimental
groups at 24 hours, which was sustained until
168 hours (Figure 2).

Immunostaining for Type II Collagen Expression

The level of expression of type II collagen in both
experimental and control groups, as shown by
immunohistochemical staining, was detected predom-
inantly in the proliferative, prehypertrophic, and hyper-
trophic zones of the spheno-occipital synchondrosis,
as shown in Figure 3. In the control group, type II

collagen increased gradually from 6 hours to
168 hours, with maximum expression at 168 hours.
In the experimental group, the level of type II collagen
increased slightly from 6 hours to 48 hours and then
dramatically to reach a peak at 72 hours. Quantitative
analysis showed there was a significant increase (P ,

.001) of 22.99% in the expression of type II collagen at
72 hours in the experimental group compared with the
control group (Figure 4).

DISCUSSION

This is the first study to demonstrate that quercetin
can stimulate growth of the spheno-occipital synchon-
drosis through increased expression of Sox9 and type
II collagen markers. In this in vitro study, we applied
quercetin to the spheno-occipital synchondrosis, thus
allowing the correlation of quercetin and cellular
response to be studied by measuring the temporal
expression of Sox9 and type II collagen. Results of the
study demonstrated that quercetin stimulated an in-
crease of Sox9 and type II collagen expression in the
experimental groups compared with the control groups.
Both Sox9 and type II collagen can be regarded as an
indicator for growth and development. The implication is
that an increase in Sox9 expression leads to greater
mesenchymal cell differentiation within the chondro-
genic pathway, since Sox9 expression regulates type II
collagen by binding directly to 48-bp Col2a1 enhancer
segments, enhancing type II collagen synthesis. This
increases cartilage matrix formation and synchondrosis
growth potential.20 Therefore, Sox9 is a clear indication of
chondrocyte differentiation, rather than a consequence.

Figure 2. Graph showing levels of Sox9 expression detected by immunohistochemical staining.
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This results in more cartilage formation, leading to
increased bone formation. Rabie and Al Kalaly21 also
found that the more cartilage formation, the more the
possibility of formation of bone and hence more growth.

The significance of type II collagen has been high-
lighted by studies in which mutant pro 1 (II) collagen
chains have resulted in abnormal skeletal phenotypes.10

Furthermore, Barbieri et al.22 showed that a deletion of
exon 48 in the mouse a1 (II) procollagen gene (Col2a1)
led to a reduction in chondrogenesis and osteogenesis

such as severe shortening of the limbs, resulting in
reduced anteroposterior length of the animals, reduced
growth of the mandible and the maxilla, incomplete
closure of the hard palate, and a downward bending of
the snout in transgenic mice.

Our study demonstrated a growth response pattern
of the spheno-occipital synchondrosis similar to
what has been reported by other studies. Cendekia-
wan et al.13 used tensile stress to stimulate expression
of Sox9 and type II collagen, showing the same pattern

Figure 3. Average histoimmunochemical appearance (2003) of type II collagen expression in organ culture at each experimental time point in

(A) the control group and (B) the quercetin group.
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of Sox9 and type II collagen expression from 6 hours to
168 hours. In the experimental groups, the expression
of Sox9 and type II collagen reached a maximum level
at 24 hours and 72 hours, respectively. However, the
amount of expression in the experimental groups
compared with the control groups in this study differs
from the study of Cendekiawan et al. Our study found a
significant increase of 32.31% (P , .001) in Sox9
expression between experimental and control groups.
This is in contrast to the 57% (P , .001) increase
reported in the study by Cendekiawan et al. In addition,
we found an increased expression of 22.99% (P ,

.001) of type II collagen versus the 44.4% (P , .001) in
their analysis.13 This suggests 1 mM of quercetin is
capable of producing a similar, but attenuated, amount
of Sox9 and type II collagen expression compared with
tensile stress. Although the overall effect of an
increase of type II collagen expression is not big and
the period of exposure of quercetin is short (several
days), further research is needed to optimize the
dosage of quercetin and to investigate the long-term
effect of quercetin on growth.

Growth of the maxilla and mandible is directly
influenced by the spheno-occipital synchondrosis.23

The upper facial skeleton articulates with the anterior
cranial fossa, and the mandible articulates with the
midcranial fossa through the temporomandibular
joint.24 The discovery that the growth of spheno-
occipital synchondrosis may be modified chemically
may offer a new therapeutic alternative for treatment of
craniofacial deformity.

On the other hand, quercetin is a commonly used
health supplement in Asia. It gained interest among

researchers for its multiple health maintenance effects,
for instance, prevention of cardiovascular disease,
cancer, cataract, schizophrenia, and prostatitis.25–27

The discovery of the growth stimulation effect of
quercetin on spheno-occipital synchondrosis opened a
new area of research in growth modification as other
flavonoids and phytoestrogens may also have a similar
effect. The phytochemical modifier of growth is there-
fore a new therapeutic possibility. Further research on
various gene expression responses to quercetin in
spheno-occipital synchondrosis is needed to confirm
the actual stimulation mechanisms and to determine the
optimum dose to maximize the effect of the quercetin
and also to evaluate the effect of different concentra-
tions of quercetin solution on growth. Moreover, further
studies should carry out a quantitative assessment of
the amount of growth stimulation of this extract
compared with control with a greater sample size.

CONCLUSIONS

N The expression of Sox9 and type II collagen in the
spheno-occipital synchondrosis can be increased in
a response of the stimulation by quercetin.

N Sox9 is an essential factor for early differentiation of
chondrocytes and for type II collagen synthesis during
growth of cartilage in spheno-occipital synchondrosis.
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