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Normal Bone Growth Requires Optimal Estrogen
Levels: Negative Effects of Both High and Low Dose
Estrogen on the Number of Growth Plate Chondrocytes
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Endochondral bone formation at epiphyseal growth plate consists of the synchronized pro-
cesses of chondrogenesis and cartilage ossification. Estrogen, the major female sex hor-
mone, plays an important role in this process, particularly during the pubertal growth spurt.
However, its effects on the growth plate are not completely understood. The aims of this
study were to clarify the effects of estrogen on the kinetics of chondrocytes in the growth
plates of 10- to 25-week-old female rabbits by studying the effects of ovariectomy or high-
dose administration of estrogen on the balance between cell proliferation and death. Forty-
eight Japanese white rabbits were divided into three groups: sham operated, ovariecto-
mized, or ovariectomized with subsequent weekly injection of high dose estrogen from 10
weeks. The chondrocyte kinetics was investigated by histomorphometry and immunohis-
tochemistry, using antibodies for caspase-3, a marker of apoptosis, and for proliferating
cell nuclear antigen. Both ovariectomized and estrogen-injected rabbits showed a declina-
tion of the chondrocyte number although the latter animals indicated a more dramatic
effect. Estrogen-injected rabbits showed a decrease in the cell proliferating ability together
with an increase in chondrocytes undergoing apoptosis while ovariectomy mainly reduced
the cell proliferating ability. Given the known importance of estrogen for bone growth,
one would expect that ovariectomy and high-dose administration of estrogen would have
opposite effects. However, the present study indicated that both low and high concentra-
tion had a similar effect: a decrease in the chondrocyte number compared with control,
suggesting that estrogen has to be maintained within a narrow range for optimal bone
growth. —— growth plate; chondrocyte; estrogen; ovariectomy; apoptosis.
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Longitudinal bone growth of the long bones
occurs at the epiphyseal growth plate by endo-
chondral ossification. Resting chondrocytes at the
top of the plate proliferate, secrete cartilage
matrix, differentiate to hypertrophic chondrocytes

and are finally removed by programmed cell death
(apoptosis) (Hunziker et al. 1987; Grumbach
2000; Robertson 1990; van der Eerden et al.
2003). Simultaneously, the empty lacunae at the
metaphyseal border of the growth plate are invad-
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ed by blood vessels. Osteoblast progenitor cells
migrate to non-resorbed struts of calcified carti-
lage and deposit new bone into bone to form the
primary spongiosa. These synchronized processes
of chondrogenesis and cartilage ossification lead
to longitudinal bone growth (Grumbach 2000;
Weise et al. 2001).

Many hormones, cytokines, and growth
factors are associated with the regulation of the
endochondral bone formation processes (van der
Eerden et al. 2003). Estrogen is one of the major
sex hormones and is mainly secreted by the ovaries
in females, and in males it is derived by the aro-
matization of testosterone and androstenedione
(Grumbach 2000). It is the critical hormone con-
trolling the pubertal growth spurt in females and
the growth plate fusion in both sexes (Grumbach
2000; Rodd et al. 2004). In addition, estrogen is
important for the regulation of bone metabolism
and maintaining the trabecular bone mineral den-
sity (Lindberg et al. 2001).

We have previously studied the cell kinetics
of growth plate chondrocytes, defined by the bal-
ance of cell proliferation and cell death (Aizawa
etal. 1997, 1998, 1999; Irie et al. 2005). To study
the effects of estrogen, many researchers have
used ovariectomy, ovariectomy with subsequent
estrogen injection, or transgenic mice of estrogen
receptors (Silberberg and Silberberg 1971; Weise
et al. 2001; van der Eerden et al. 2003; Bardin et
al. 2004; Eastell 2005; Oestergaard et al. 2006).
Ovariectomy led to accelerate the growth and
delayed growth plate fusion, whereas high dose of
estrogen administration suppressed growth with
early growth plate fusion (Silberberg and
Silberberg 1971; Nilsson et al. 2002; Chagin et al.
2004; Nilsson and Baron 2005). More recent
studies suggested that estrogen might cause earlier
exhaustion of the proliferating ability of chondro-
cytes (Weise et al. 2001; Rodd et al. 2004).
However, the effects of estrogen on the function
of growth plate chondrocytes and ultimately on
the process of endochondral bone formation are
still poorly understood (Rodd et al. 2004). In par-
ticular, there have been no reports, to our knowl-
edge, on the effects of low or high dose of estro-
gen on the cell kinetics of chondrocytes.

Therefore, the aims of this study were to clarify
the action of this female hormone on the chondro-
cyte kinetics using ovariectomized and ovariecto-
mized with subsequent high dose estrogen-inject-
ed female rabbits.

MATERIALS AND METHODS

Animals

Rabbits were selected for this study because in rab-
bits, like humans but unlike other rodents, the epiphyses
are fused at the time of sexual maturation and in response
to sex steroids (Weise et al. 2001). The experiment was
carried out according to the guidelines of the Ethics
Committee of Tohoku University. Forty-eight female
Japanese white rabbits were divided into twelve groups
of four. Sixteen rabbits were sham-operated; only skin
incision and subsequent suturing were performed at 8
weeks of age. They were euthanized by intravenous
injection of an overdose of pentobarbital sodium at 10,
15, 20, and 25 weeks and were designated as the 10W,
15W, 20W, and 25W groups, respectively.

Sixteen rabbits underwent ovariectomy at 8 weeks
and were euthanized at 10, 15, 20, and 25 weeks of age.
They were designated as the OV-10W, OV-15W, OV-
20W, and OV-25W groups, respectively. Another sixteen
rabbits were ovariectomized at 8 weeks, then 17 beta-
estradiol (E,) (70 ug/kg) was given by weekly intramus-
cular injections from week 10 onwards according to the
protocol of Weise et al. (2001) and Nilsson et al. (2003).
E, is the major component of estrogen, and 10 weeks was
assumed to be before sexual maturation so that the rab-
bits were not exposed to abundant endogenous E, (Suzuki
et al. 1989). The rabbits were also euthanized at 10, 15,
20, and 25 weeks and were designated as the E,-10W, E,-
15W, E,-20W, and E,-25W groups, respectively.

The level of serum E, was measured at the time of
gonadectomy and when the rabbits were euthanized.
Blood was collected from an ear vein of all rabbits. The
serum E, concentrations were determined by radioimmu-
noassay (Korenman et al. 1970). The right leg of each
rabbit was dismembered and the length of the femur was
measured using soft radiography (low power < 30 kV).

Tissue preparation and morphological observation

The epiphyseal growth plate was taken from the
center of the femoral head of each rabbit as in our previ-
ous studies (Aizawa et al. 1997, 1998, 1999; Irie et al.
2005). The growth plates were sectioned coronally into
blocks 5 mm thick. These were fixed in 10% formalin
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for 3 days, decalcified by ethylenediaminetetraacetic acid
(EDTA) at 4°C for 10 days, embedded in paraffin and cut
into sections 2.5 ym thick.

After deparaffinization and rehydration, some sec-
tions from each specimen were first stained with haema-
toxylin and eosin (HE). These were used to investigate
the morphological changes in growth plate chondrocytes
with age and to measure the height of the growth plate.
Immunostaining for osteonectin (ONT), a typical non-
collagenous bone protein, was performed in order to
localize hypertrophic chondrocytes since only they
secrete ONT (Pacifici et al. 1990; Aizawa et al. 1998).
The measurements of the growth plate height and immu-
nostaining for ONT were performed as in our previous
study (Irie et al. 2005). Using both HE and ONT immu-
nostained sections, each growth plate was divided into
three zones: resting, proliferating, and hypertrophic. The
cell numbers were counted three times in five fields ran-
domly selected at a magnification of x 200 on the HE
sections in the whole growth plate and the three divided
zones (Irie et al. 2005).

Immunohistochemistry

Apoptotic chondrocytes were visualized in situ by
immunostaining for caspase-3 (Biotech Inc., Santa Cruz,
CA, USA), while cell proliferation was detected by
immunostaining for proliferating cell nuclear antigen
(PCNA, Dako, Cytomation, Glostrup, Denmark), as in
our previous study (Irie et al. 2005). Briefly, the avidin-
biotinylated peroxidase complex (ABC) method was
used for the immunostaining for caspase-3 and the
labeled streptavidin-biotin (LSAB) method for PCNA.
Negative controls were incubated with mouse serum and
showed only background staining. Sections were coun-
terstained with hematoxylin for caspase-3 and methyl
green for PCNA. For each antibody and each rabbit
block, immunocytochemistry for caspase-3, PCNA, and
ONT was performed on several sections per rabbit. We
accepted the results as final when at least two sections
showed the same immunostaining pattern.

Quantification of caspase-3 and PCNA expressions
Chondrocytes with diffusely stained cytoplasm or
nuclei were regarded as caspase-3 positive cells, whereas
only nuclear staining was considered positive for PCNA.
The caspase-3-positive and PCNA-positive ratios were
calculated in the whole growth plate and in the three
divided zones (Aizawa et al. 1997, 1998, 1999; Irie et al.
2005). The ratios of the ovariectomized and E,-injected

rabbits were compared with those of the normal ones at
similar ages.

Statistical analysis

We used a one-way ANOVA between the normal,
ovariectomized, and E,-injected rabbits at similar ages in
order to determine the significance of the differences in
the caspase-3-positive and PCNA-positive ratios. We
also used a Post hoc for statistical evaluation of the
length of the femur and the height of the growth plate in
each rabbit group. A possible value less than 0.05 was
considered as significant. All statistical analyses were
performed with commercially available software
(Statview, Abacus Concepts, Berkeley, CA, USA).

RESULTS

Serum E, levels

In the normal rabbits, the serum E, gradually
increased with age to 19 pg/ml at 25 weeks of age
in the study period. In the ovariectomized rabbits,
serum E, levels were less than 8 pg/ml in every
age group. In the E,-injected group, one rabbit
showed 24 pg/ml and the others more than 35 pg/
ml at 10 weeks of age. The E, levels of the other
age group were over 70 pg/ml. As expected, at
15, 20, and 25 weeks, the average serum E, levels
of the ovariectomized rabbits were significantly
lower than those of the normal ones, while those
of the E,-injected ones were significantly higher
in every age group (Fig. 1).

Length of femurs and height of growth plates

The femurs of the ovariectomized rabbits
tended to be longer than those of the normal rab-
bits at the same age, while those of the E,-injected
ones tended to be shorter (Table 1). The heights
of the whole growth plate and the three divided
zones of the normal, ovariectomized, and E,-
injected rabbits are shown in Fig. 2. Those of the
whole plate decreased with age in every rabbit
group. However, the heights of the growth plate
of ovariectomized rabbits were greater, while that
of E,-injected rabbits were less compared with the
corresponding normal ones. The most obvious
decrease was in the proliferating zone.
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Fig. 1. The serum level of E, in the normal, ovariectomized, and E,-injected rabbits. In the normal rab-
bits, serum E, increases with age. In the ovariectomized rabbits, serum E, is less than 8 pg/ml in
each age group, while in the E,-injected groups, levels are more than 35 pg/ml in each age group.
At 15, 20, and 25 weeks, the average serum E, levels of the ovariectomized rabbits are significantly
lower than those of the normal ones, while those of the E,-injected group are significantly higher in
every age group. Significant difference between each group is: *p < 0.05.

—[]—, normal rabbits; —¢—, ovariectomized rabbits; —@—, E,-injected rabbits.

TaBLE 1. The mean (s.p.; cm) lengths of the femur according to age in three rabbit groups.

Age (weeks)
Group
10 15 20 25
Normal 7.8 (0.2) 9.2 (0.2) 9.2 (0.4) 9.4 (0.3)
Ovariectomized 7.9 (0.2) 9.0 (0.2) 9.4 (0.3) 9.7 (0.4)
E,-injected 7.6 (0.1) 9.0 (0.3) 9.0 (0.6) 8.9 (0.3)*

Statistical analysis applying the Post hoc.

$p < 0.05 compared with the ovariectomized rabbits.

Histological findings

In the normal rabbits, the obvious columnar
structures were maintained until 20 weeks of age
in the proliferating and upper hypertrophic zones.
With increasing age, fewer chondrocytes were
present, particularly in the proliferating zone; and
the columnar structures became disarranged (Fig.
3A). Cells with large round to oval-shaped cyto-
plasm, which were positively stained by ONT,
were present in the hypertrophic zone in each age
group (Fig. 4A).

In the OV-10W group, the columnar struc-
tures and the morphology of the chondrocytes
were almost the same as those of the 10W group

(Fig. 3B-10W). In the OV-15W group, the flat-
tened, proliferating cells decreased and the
columnar structures from the proliferating to
upper hypertrophic zones were somewhat disar-
ranged (Fig. 3B-15W). In this group, slightly
flattened chondrocytes, located in the upper part
of the hypertrophic zone, were negative for ONT,
indicating that they were not hypertrophic cells
(Fig. 4B). In the OV-20W group, the columnar
structures were irregular and the cellularity was
reduced, particularly in the proliferating zone (Fig.
3B-20W). In the OV-25W group, the cellularity
was more reduced and some areas had only a few
chondrocytes within large regions of extracellular
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Fig. 2. The heights of the growth plates of each age group. Each bar represents the mean (s.n.). The
bars inside the histograms divide the whole plates into three zones. The heights of the whole plates
decrease with age in every rabbit group but those of the ovariectomized groups are higher in each
age group while those of the E,-injected rabbits are lower compared to the normal ones. Statistical-
ly significant differences are found between the ovariectomized and E,-injected rabbits of every age
group. Significant difference between each group is: *p < 0.05. N, normal rabbits; O, ovariecto-

mized rabbits; E, E,-injected rabbits.

[, resting zone; [Z], proliferating zone; B, hypertrophic zone.

matrix (Fig. 3B-25W). The overall morphology,
including the size of the hypertrophic chondro-
cytes, was similar to that in the normal rabbits.

In the E,-10W group, the columnar structures
and the morphology of the chondrocytes were
almost the same as those of the 10W group and
OV-10W group (Fig. 3C-10W). With increasing
age, the heights of the overall growth plate and
number of chondrocytes had decreased more rap-
idly, particularly in the proliferating zone, than in
the corresponding normal and ovariectomized
groups (Fig. 3C). In the E,-20W group, the
decrease of the cellularity was remarkable, partic-
ularly in the proliferating zone (Fig. 3C-20W). In
the E,-25W group, only several hypertrophic
chondrocytes were found in most areas (Fig.
3C-25W). As in the normal and ovariectomized
groups, chondrocytes, which stained positively
for ONT, were present in the hypertrophic zone in
the E,-injected rabbits (Fig. 4C).

Chondrocyte numbers

The cell numbers of the whole growth plate
and the three divided zones are shown in Fig. 5.
The numbers of chondrocytes decreased in the
whole growth plate and also in the three divided
zones with age in all three rabbit groups. The
chondrocytes in the normal group outnumbered
those in the other two groups in the whole growth
plate and the three divided zones, while the E,-
injected rabbits showed the fewest numbers
among the three groups. In the whole growth
plate, there were significant differences at every
age among the three groups except between the
OV-25W and E,-25W groups. In the three divid-
ed zones, fewer chondrocytes were present in the
proliferating and hypertrophic zones of the E,-
injected rabbits compared with the corresponding
zones of the normal and ovariectomized rabbits.
Particularly, the numbers of proliferating cells of
the E,-10W, E,-15W, and E,-20W groups and
those of hypertrophic chondrocytes of the E,-10W
and E,-15W groups were less than half those of
the corresponding normal rabbits.
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Fig. 3. The growth plate in the normal (A), ovariectomized (B), and E,-injected rabbits (C). Photomi-
crographs at 10 weeks (A, B, and C-10W), 15 weeks (A, B, and C-15W), 20 weeks (A, B, and
C-20W), and 25 weeks (A, B, and C-25W) (haematoxylin and eosin [HE], original magnification
x 200). In the normal rabbits, chondrocytes numbers are reduced with increasing age, particularly
in the proliferating zone, and the columnar structures in the proliferating to upper hypertrophic
zones are disarranged at 20 and 25 weeks. In the ovariectomized rabbits, the columnar structure is
still present in the 8-10W group but is disarranged from 15 weeks of age. The cellularity is reduced,
particularly in the proliferating zone at 20 and 25 weeks. In the E,-injected rabbits at 10 weeks of
age, the columnar structures and the morphology of the chondrocytes are almost the same as those
of the 10W group and OV-10W group. With increasing age, the heights of the overall growth plate
and number of chondrocytes decrease more rapidly, particularly in the proliferating zone, compared
with the normal corresponding age group.

Asterisks show the disarranged columnar structures in the proliferating to upper hypertrophic zones.
R, resting zone; P, proliferating zone; H, hypertrophic zone.
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Fig. 4. Three divided zones of the growth plate in the normal (A), ovariectomized (B), and E,-injected
rabbits (C). Photomicrographs at 15 weeks using HE (A, B, and C-HE), immunostaining for osteo-

nectin (A, B, and C-ONT) (original magnification x 200). The hypertrophic zone is divided accord-
ing to the detection of osteonectin-positive cells.

R, resting zone; P, proliferating zone; H, hypertrophic zone.
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Fig. 5. Histogram showing the mean (s.p.) number of chondrocytes in the whole growth plate and the
three divided zones in the normal, ovariectomized, and E,-injected rabbits. The numbers of chon-
drocytes decrease in the whole growth plate and also in the three divided zones with age in all three
rabbit groups. The chondrocytes in the normal group outnumber those in the other two groups in
the whole growth plate and the three divided zones, while the E,-injected rabbits show the fewest
numbers among the three groups. Significant difference between each group is: *p < 0.05.

[[], normal rabbits; N, ovariectomized rabbits; P4, E.-injected rabbits.

Immunostaining for caspase-3 and PCNA
Caspase-3-positive chondrocytes were found
in every growth plate of each rabbit group and in
all three divided zones. Most of the positive
chondrocytes were found in the hypertrophic zone
(Fig. 6). The caspase-3-positive ratio of the
whole growth plate tended to increase with age in
all three rabbit groups (Fig. 7). The E,-injected
rabbits showed the highest positive ratios in every
age group, which were significantly higher than
those of the other two groups at the same age.
The ratios in the ovariectomized rabbits were
higher than those in the corresponding normal
group, but a statistically significant difference was
found only between the 20W and OV-20W
groups. In the hypertrophic zone, more than half
of the cells were positively stained in the E,-20W
and E,-25W groups and the positive rates of the
E,-injected rabbits were almost double those of
the normal ones. On the other hand, the positive
ratios in the resting and proliferating zones were
much smaller. Significantly higher positive ratios
compared to the normal rabbits were detected
only in the resting zones of E,-20W and E,-25W
rabbits and in the proliferating zone of E,-15W

and E,-25W rabbits.

PCNA-positive chondrocytes with diffusely-
stained nuclei were found mainly in the proliferat-
ing and the upper hypertrophic zones of every
growth plate as in our previous studies (Fig. 8)
(Aizawa et al. 1997; Irie et al. 2005). The PCNA-
positive ratio of the whole growth plate tended to
decrease with age in both the normal and ovariec-
tomized rabbits, while the ratio of E,-injected rab-
bits was less than 2% in each age group (Fig. 9).
Statistically, the E,-injected rabbits showed the
lowest rates, while the ovariectomized rabbits had
lower positive rates than the normal ones in the
whole growth plate and in the three divided zones.

DiscussioN

Ovariectomy with or without subsequent
estrogen injection has been one of the major
methodologies for investigating the effect of the
female hormone, and several types of animals
have been used for this method (Silberberg and
Silberberg 1971; Weise et al. 2001; Nilsson et al.
2002, 2003). In rabbits, sexual maturation starts
around four months after birth (Suzuki et al.
1989). The current study showed that the serum



Effect of Estrogen on Cell Kinetics of Growth Plate 277

A B

Fig. 6. Photomicrographs showing immunostaining

for caspase-3 in the growth plate of an ovariec-
tomized 20-week-old rabbit and its negative
control. A: The positive chondrocytes (arrow-
heads) are mainly detected in the hypertrophic
zone. B: No positive cells are found in the
negative control. Original magnification
x 200.
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Fig. 8. Photomicrographs showing immunostaining

for PCNA in the growth plate of an ovariecto-
mized 10-week-old rabbit and its negative con-
trol. A: Many positive chondrocytes (arrow-
heads) are found in the proliferating and upper
hypertrophic zones. B: No positive cells are
detected in the negative control (original mag-
nification x 400).
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Fig. 7. Histogram showing the mean (s.D.) caspase-3-positive ratios in the whole growth plate and three
divided zones in the normal, ovariectomized, and E,-injected rabbits. Each bar represents the mean
(s.n.). The ratios of the whole growth plate tend to increase with age in all three rabbit groups. The
E,-injected rabbits show the highest positive ratios in every age group, and they are significantly
higher than those of the other two rabbit groups at the same age. Significant difference between

each group is: *p < 0.05.

[1, normal rabbits; N, ovariectomized rabbits; @, E,-injected rabbits.
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Fig. 9. Histogram showing the mean (s.0.) PCNA-positive ratios in the whole growth plate and three
divided zones. The ratios decrease with age in the whole growth plate and three divided zones of
the normal, ovariectomized, and E,-injected rabbits. Statistically, the E,-injected rabbits show the
lowest rates, while the ovariectomized rabbits have lower positive rates than the normal ones in the
whole growth plate and in the three divided zones. Significant difference between each group is:

%p < 0.05.

[], normal rabbits; N, ovariectomized rabbits; &, E,-injected rabbits.

E, levels of ovariectomized rabbits were less than
those of the normal ones before puberty. Thus,
the growth plates of the former were not exposed
to high levels of E,. On the other hand, the E,
levels of the all E,-injected rabbits were more
than those of the normal ones at 25 weeks, indi-
cating that those rabbits were exposed to supra-
physiologic levels of E,. Therefore, the timing of
ovariectomy and also the dose of E, injection used
in the present study resulted in either very low or
extremely high estrogen levels.

The overall growth plate height is mainly
determined by the production of an extracellular
matrix and the volume increase of hypertrophic
cells (Robertson 1990; Farnum et al. 2002; van
der Eerden et al. 2003; Roach et al. 2003). Hence
a reduction in the number of hypertrophic chon-
drocytes should affect the growth plate height.
Additionally, inhibition of extracellular matrix
synthesis by high dose of estrogen would be
expected to reduce the height in the E2-injected
rabbits (Hunziker 1988; van der Eerden et al.
2003). However, in spite of the decline in chon-
drocyte numbers, the ovariectomized rabbits

showed an increase in growth plate height. One
explanation might be that matrix synthesis is more
strongly affected than cell kinetics.

Previous studies found that ovariectomy
accelerates, while subsequent high dose of estro-
gen administration suppresses, long bone growth
(Silberberg and Silberberg 1971; Nilsson et al.
2002; Chagin et al. 2004; Nilsson and Baron
2005). This was confirmed in the present study in
that the heights of the growth plates and overall
lengths of the femurs were greatest in the ovariec-
tomized group. Interestingly, however, both low
and high estrogen levels led to reduced chondro-
cyte numbers, with the E,-injected rabbits show-
ing a more dramatic effect. This suggested that
different pathways are used depending on low or
high dose of estrogen.

Estrogen can bind to two different receptors
(Kousteni et al. 2001; Ito 2007), which exerts
opposite effects on longitudinal bone growth.
ER-alpha accelerates endochondral bone forma-
tion and contributes to the growth spurt in puber-
ty, whereas ER-beta represses long bone growth
(Lindberg et al. 2001; Chagin et al. 2004; Nilsson
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et al. 2005). A recent study indicated that ER-
alpha upregulated cyclin D1 and PCNA, which
stimulated cell progression and prevented the
apoptotic cascade, while ER-beta downregulated
proliferation and had pro-apoptotic properties
(Taylor et al. 2006). Which receptor, ER-alpha or
ER-beta, dominates in the regulation of skeletal
growth depends on the sex, species, and even the
dose of estrogen (Kusec et al. 1998; van der
Eerden et al. 2002; Chagin et al. 2004). In
humans, the effects of estrogen are primarily
mediated by ER-alpha, but higher doses during
puberty lead to growth plate fusion, which may be
mediated through ER-beta (Nilsson et al. 2005).

In addition, estrogen acts via non-ER path-
ways, including the growth hormone-insulin like
growth factor-1 (GH-IGF-1) axis and protein
kinase C (PKC) (van der Eerden et al. 2002;
McMillan et al. 2006). Estrogen increases GH
secretion by the pituitary, and GH and the subse-
quent increase in the local generation of IGF-1
stimulate cell proliferation in the growth plate (van
der Eerden et al. 2002; Eastell 2005; Nilsson et al.
2005; Nilsson and Baron 2005). PKC activation
can initiate a signaling cascade that causes chang-
es in gene expression through multiple mitogen-
activated protein kinase (MAPK) signaling path-
ways including ERK1/2 and p38 (Raucci et al.
2004; McMillan et al. 2006). ERK1/2 are usually
implicated in cell proliferation, differentiation,
and survival, whereas p38 might be required for
chondrocyte hypertrophy and apoptosis (Raucci et
al. 2004; McMillan et al. 2006). Likewise, rapid
transient increases in MAPK are associated with
proliferation, whereas persistent elevation in
MAPK is associated with chondrocyte growth
arrest and differentiation (Raucci et al. 2004;
McMillan et al. 2006).

In this study, the excess E, in the E,-injected
rabbits might bind to ER-beta and/ or initiate p38
MAPK, which would be stronger than the action
through the GH-IGF-1 axis. Thus, chondrocyte
numbers decreased. On the other hand, normal
level of estrogen might bind to ER-alpha in chon-
drocytes and/ or activate GH-IGF-1 axis and/ or
ERK1/2 MAPK. Once estrogen is deficient, as in
the ovariectomized rabbits, activation of these

pathways might not be activated. Therefore, the
ovariectomized rabbits also showed a decrease in
the numbers of chondrocytes.

In spite of the decline in the number of chon-
drocytes, ovariectomy did not shorten the femur
compared to the normal rabbits. Skeletal matura-
tion as a consequence of both estrogen-induced
vascular and osteoblastic invasion, and the termi-
nation of chondrogenesis might be delayed in the
ovariectomized group, because ER-beta is closely
related to this process (Grumbach 2000; Lindberg
et al. 2001; van der Eerden et al. 2002; Chagin et
al. 2004; Nilsson et al. 2005). In addition, extra-
cellular matrix synthesis would be accelerated.
Thus, the growth plate might not fuse and chon-
drogenesis and osteogenesis might continue slow-
ly, which might lead to an increase in longitudinal
bone growth although the exact mechanism of the
contradictive results of ovariectomy to cell kinet-
ics and long bone growth are still uncertain.
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