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Objectives – To investigate how mandibular and femoral growth is affected when

sex hormone– specific receptor antagonist is administered in growing mice.

Materials and methods – Forty C57BL ⁄ 6J mice were used in this experiment. At

5 days of age, the mice received daily injection of estrogen receptor alpha (ERa),

beta (ERb), or androgen receptor (AR) antagonists, and their body weight was

assessed every 4 days. One, four and eight weeks after the initial injection,

radiographs of the mandible and femur were taken and measured. Analyses of

variance and pairwise comparisons (Fisher) were performed to examine the

differences in values measured among the groups.

Results – Mandibular growth was affected by ERb antagonist injection in male mice

at 4 and 8 weeks. In female mice, the growth was affected during all the

experimental period, when ERb was administered. Moreover, at 8 weeks,

mandibular growth was also affected in male and female mice injected with ERa

antagonist and in male mice injected with AR antagonist. Femoral growth was

affected during all the experimental period in male and female mice injected with

ERb antagonist. Moreover, at 8 weeks, the growth was affected in male and female

mice injected with ERa antagonist and in male mice injected with AR antagonist.

Conclusions – Growth of the mandible and femur in mice, in part, is induced in

response to the stimulation of ERb in chondrocytes before and during early puberty.

In late and after puberty, the growth is induced by the stimulation of ERa in male and

female mice and that of AR in male mice.
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Introduction

Hormones play a crucial role in regulating most body functions such as the

metabolism, growth and development, reproduction, water and electrolyte

balance and behavior (1). Their actions depend on the concentrations

Dates:

Accepted 5 February 2011

To cite this article:

Márquez Hernández RA, Ohtani J, Fujita T,

Sunagawa H, Ishikawa E, Tsubamoto N, Kawata T,

Kaku M, Motokawa M, Tanne K:

Mandibular and femoral growth alteration after sex

hormone disruption in growing mice

Orthod Craniofac Res 2011;14:63–69

� 2011 John Wiley & Sons A ⁄ S



according to the stage of life which the individual is

experiencing. The sex hormones are well known to be

important and essential for the regulation of reproduc-

tive functions. In addition, they also exert effects on the

nervous and cardiovascular systems and are indis-

pensable for the development and the structural integ-

rity of the skeleton (2). The sex hormones, androgen and

estrogen, are believed to exert their effects on bone

irrespective of gender (3). Androgen interacts with the

androgen receptor (AR) and estrogen with the estrogen

receptor alpha (ERa) and beta (ERb); thus, they regulate

together the different bone envelopes during bone

growth and the maintenance in both genders (4).

Irregularities of sex hormones production in

post-menopausal women cause a reduction in bone

mineral density (BMD) (5). In adult men following

orchiectomy (ORX) because of prostate cancer, as a

consequence of the treatment procedure, the levels of

sex hormones are reduced, producing a reduction in

the BMD (6). In growing mice, ovariectomy (OVX) and

ORX lead to a disturbance of craniofacial and femoral

bone growth immediately after birth and during bone

growth and development (7), and also a lower

expression of sex hormone receptors on chondrocytes

(8). In a previous study, screening of the expression of

sex hormone receptors showed a substantial reactivity

of ERb in chondrocytes of growing mandibular con-

dyle and femur in mice (8). However, it still remains

unclear how sex hormone receptors contribute to the

control of bone growth and the maintenance of its

homeostasis.

In orthodontic treatment, it is of a great importance to

precisely predict the effective timing to improve skeletal

discrepancy. Maximum growth period varies from

patient to patient; therefore, it is highly anticipated to

develop an accurate indicator of bone maturity, i.e. a

hormonal indicator to predict the beginning and end of

growth, depicted as a velocity curve. The purpose of this

study was to investigate how mandibular and femoral

growth is affected when sex hormone-specific receptor

antagonist is administered in growing mice.

Materials and methods
Experimental animals

Forty C57BL ⁄ 6J mice (Jackson Laboratory, Bar Harbor,

ME, USA) were used in this experiment. The new born

mice were kept with its progenitors with free access to

food and water. The animals were housed under

controlled temperature and photoperiods conditions

(20–22�C, 12-h light ⁄ 12-h dark cycle). The average

weight of the mice was 2.20 g at 5 days of age. Mice

were treated under the ethical regulations defined by

the Ethics Committee, Hiroshima University Faculty of

Dentistry.

Experimental method

Mice were divided into four groups according to the sex

hormone antagonist administered and the control

group. At 5 days of age, mice were subjected to daily

subcutaneous injection with either ERa (males, n = 5

and females, n = 5), ERb (males, n = 5 and females,

n = 5), AR (males, n = 5 and females, n = 5) antago-

nists, or saline (males, n = 5 and females, n = 5). A

selective ERa antagonist methyl-piperidino-pyrazole

(MPP) (Cat. No: 1991, Tocris Bioscience, Bristol, UK)

was administered at a dose of 2 mg ⁄ kg (9, 10). A

selective ERb antagonist 4-[2-phenyl-5, 7-bis (trifluo-

romethyl) pyrazolo [1,5-a]pyrimidin-3-yl] phenol

(PHTPP) (Cat. No: 2662, Tocris Bioscience) was

administered at a dose of 4.7 mg ⁄ kg (10, 11). A selective

AR antagonist, Flutamide (F9397, Sigma-Aldrich,

Tokyo, Japan), was administered at a dose of 24 mg ⁄ kg

(12).

The body weight was assessed every 4 days

throughout the experiment. One, 4 and 8 weeks after

initial injection, the mandible and femur were sub-

jected to X-ray exposure in a micro-FX1000 system

(Fuji Film Inc., Tokyo, Japan). Digital radiographic

films were exposed to an electric current of 45 Kvp

and 10 lA with an exposure time of 15 s. The magni-

fication error was assessed by using a 10-mm radi-

opaque metal rod during the radiographic exposure,

and later the radiograph magnification correction was

accounted.

Cephalometric analysis was performed for the man-

dible on a lateral cephalogram according to a previ-

ously reported method (13). Only three measurements

from that method were employed to avoid enmasca-

rated values from growth of bones other than the

mandible and to express linear changes in the mandi-

ble produced mainly by endochondral ossification

(Fig. 1):
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1. From the most posterior-superior point on the man-

dibular condyle (Co) to the most inferior point on the

contour of the lower border of the mandible, adjacent

to the incisors (Pg), defined as the mandibular length.

2. From Co to the most inferior point on the contour of

the angular process of the mandible (Gn), defined as

the condylar height.

3. From Gn to Pg, defined as the mandibular body

length.

The length of the femur was measured on the

radiograph as the distance from the most protrusive

point at the top of the mesial epiphysis convexity to the

most protrusive point at the bottom convexity of the

distal epiphysis along a perpendicular line running

from the center of the femur (Fig. 2).

The radiographs were blindly and randomly mea-

sured by one investigator (MH). The measurements

were performed twice, with a 1 week interval, and a

mean of these measurements was recorded.

Statistical analysis

Analysis of variance (ANOVA) and pairwise comparisons

(Fisher) were performed to examine the differences in

measured values among the four groups with a confi-

dence level greater than 95%. The calculated data were

normally distributed and expressed as the mean ±

standard deviation. p < 0.05 was considered statistically

significant.

Results
Changes in body weight

In respect to the body weight of mice, male and female

mice showed no significant differences between the

experimental and the corresponding control groups

throughout the experiment (Fig. not shown).

Changes in the size of the mandible

Male mice, at 1 week after initial injection, exhibited

a significantly smaller mandibular length by 13% and

condylar height by 22% in the group injected with

ERb antagonist than in the control group. At 4 weeks

after initial injection, mice exhibited a significantly

10% smaller condylar height in the group injected

with ERb antagonist than in the control group. At

8 weeks after initial injection, male mice exhibited a

significantly smaller condylar height by 13%, man-

dibular body length by 10% and mandibular length

by 12% in the group injected with ERa antagonist

than in the control group. In addition, at 8 weeks

after initial injection, male mice exhibited a signifi-

cantly 5% smaller mandibular length also in the

group injected with AR antagonist than in the control

group (Table 1).

A B

Fig. 1. Measurement items of the mandible.

(A) Radiographic image. (B) Schematic repre-

sentation of the measurement items. Co: the

most posterior-superior point on the mandib-

ular condyle. Gn: the most inferior point on the

contour of the angular process of the mandible.

Pg: the most inferior point on the contour of

the lower border of the mandible, adjacent to

the incisors. Co–Pg: mandibular length, Co–Gn:

condylar height, Gn–pg: mandibular body

length.

Fig. 2. Radiograph and design of the femur showing the method used

to measure the longitudinal length of the femur. Measurements were

performed from the most protruded point in the mesial epiphysis

convexity to the most protruded point in the distal epiphysis along a

perpendicular line running in the center of the femur.
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Female mice, at 1 week after initial injection, exhib-

ited a significantly smaller mandibular length by 8%

and condylar height by 12% in the group injected with

ERb antagonist than in the control group. At 4 weeks

after initial injection, mice exhibited a significantly 4%

smaller condylar height in the group injected with ERb

antagonist than in the control group. At 8 weeks after

initial injection, female mice exhibited a significantly

smaller condylar height by 6% and mandibular length

by 9% in the group injected with ERa than in the con-

trol group. In addition, mice exhibited a significantly

smaller condylar height by 11% and mandibular length

by 9% in the group injected with ERb antagonist than in

the control group (Table 2).

Changes in the size of femur

The femur of male mice at 1 week after initial injection

was significantly smaller by 16% in the group injected

with ERb antagonist than in the control group. At

4 weeks, the femurs were significantly smaller by 6% in

the groups injected with AR antagonist and by 12% in

the group injected with ERb antagonist when compared

to the control group. Eight weeks after, the femurs were

all significantly smaller in the groups injected with AR,

ERa and ERb antagonists than in the control group by 3,

8, and 7%, respectively (Table 3).

The femur of female mice at 1 and 8 weeks after

initial injection was significantly smaller in the group

injected with ERb antagonist than in the control group

by 12 and 3%, respectively. Moreover, at 8 weeks after

initial injection, the femur was also significantly smal-

ler in the group injected with ERa antagonist than in

the control group by 6% (Table 4).

Discussion

Growth pattern in mice is similar to that in humans. In

mice, three separate postnatal growth cycles occur.

The first cycle exhibits its maximum velocity around

7 days after birth and culminates at 14 days. The

second cycle exhibits its maximum velocity from 21 to

23 days and reaches the peak immediately after 28th

day. The third cycle exhibits its maximum velocity at

about 6 weeks and thereafter decreases in velocity

continuously but very slowly, so that the growth still

occurs up to the 50th and 60th weeks (14). In this

experiment, we evaluated the growth of mice at 12, 33,

and 61 days after birth, which correspond to each

growth cycle in mice. Moreover, these periods in

mice correspond to three growth periods in humans

such as immediately after birth, peak of puberty and

maturation.

Table 1. Mean measurements of the mandible of male mice injected with sex hormone receptor antagonists and control groups at 1, 4,

and 8 weeks after initial injection. p < 0.05 indicates a significant difference between the experimental and control group

Age

Control ERa antagonist ERb antagonist AR antagonist

Mean SD Mean SD Significance Mean SD Significance Mean SD Significance

1 week

Co–Gn 3.28 0.33 3.53 0.29 NS 2.56 0.18 p < 0.05 3.13 0.41 NS

Gn–Pg 5.16 0.67 5.35 0.33 NS 4.94 0.40 NS 5.54 0.60 NS

Co–Pg 6.33 0.43 6.43 0.34 NS 5.54 0.50 p < 0.05 6.04 0.32 NS

4 weeks

Co–Gn 5.07 0.43 4.74 0.32 NS 4.54 0.41 p < 0.05 4.77 0.23 NS

Gn–Pg 7.07 0.43 6.76 0.16 NS 6.98 0.50 NS 6.91 0.32 NS

Co–Pg 8.73 0.78 8.38 0.33 NS 8.50 0.57 NS 8.23 0.37 NS

8 weeks

Co–Gn 5.74 0.21 4.99 0.26 p < 0.05 5.61 0.32 NS 5.51 0.34 NS

Gn–Pg 8.14 0.25 7.36 0.36 p < 0.05 8.13 0.44 NS 7.80 0.14 NS

Co–Pg 9.99 0.26 8.70 0.45 p < 0.05 9.63 0.39 NS 9.50 0.16 p < 0.05

AR, androgen receptor.
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The mechanism of action of bone growth may be

different from that of bone maintenance in adults (15).

Bone maintenance in adults is believed to be princi-

pally mediated via ERa (16). In contrast, in the present

study, the administration of ERa antagonist caused

smaller mandible and femur size length 8 weeks after

initial injection.

Immediately after birth, the functions regulated by

ERa seem to be of less significance when compared to

the functions regulated by ERb. This lead us to think

Table 2. Mean measurements of the mandible of female mice injected with sex hormone receptor antagonists and control groups at 1, 4,

and 8 weeks after initial injection. p < 0.05 indicates a significant difference between the experimental and control group

Age

Control ERa antagonist ERb antagonist AR antagonist

Mean SD Mean SD Significance Mean SD Significance Mean SD Significance

1 week

Co–Gn 3.50 0.26 3.43 0.24 NS 3.10 0.26 p < 0.05 3.55 0.26 NS

Gn–Pg 5.46 0.62 5.29 0.24 NS 5.52 0.33 NS 5.48 0.06 NS

Co–Pg 6.89 0.19 6.58 0.26 NS 6.33 0.36 p < 0.05 6.74 0.11 NS

4 weeks

Co–Gn 4.78 0.17 4.68 0.32 NS 4.59 0.22 p < 0.05 4.72 0.41 NS

Gn–Pg 6.82 0.47 6.88 0.19 NS 6.99 0.39 NS 6.55 0.25 NS

Co–Pg 8.58 0.23 8.62 0.28 NS 8.49 0.41 NS 8.25 0.15 NS

8 weeks

Co–Gn 5.55 0.29 5.20 0.21 p < 0.05 4.90 0.62 p < 0.05 5.50 0.10 NS

Gn–Pg 7.90 0.37 7.41 0.67 NS 7.69 0.17 NS 7.79 0.19 NS

Co–Pg 9.81 0.35 8.95 0.27 NS 8.95 0.54 NS 9.48 0.28 NS

AR, androgen receptor.

Table 3. Mean measurements of the femur of male mice injected with sex hormone receptor antagonists and control groups at 1, 4, and

8 weeks after initial injection. p < 0.05 indicates a significant difference between the experimental and control group

Age

Control ERa antagonist ERb antagonist AR antagonist

Mean SD Mean SD Significance Mean SD Significance Mean SD Significance

1 week 6.09 0.22 6.04 0.08 NS 5.13 0.46 p < 0.05 5.79 0.36 NS

4 weeks 10.73 0.66 10.24 0.82 NS 9.44 0.83 p < 0.05 10.04 0.44 p < 0.05

8 weeks 12.95 0.32 11.86 0.49 p < 0.05 12.02 0.23 p < 0.05 12.56 0.51 p < 0.05

AR, androgen receptor.

Table 4. Mean measurements of the femur of female mice injected with sex hormone receptor antagonists and control groups at 1, 4, and

8 weeks after initial injection. p < 0.05 indicates a significant difference between the experimental and control group

Age

Control ERa antagonist Erb antagonist AR antagonist

Mean SD Mean SD Significance Mean SD Significance Mean SD Significance

1 week 5.93 0.25 6.48 0.19 NS 5.45 0.63 p < 0.05 5.88 0.33 NS

4 weeks 10.60 0.09 10.39 0.37 NS 10.15 0.09 NS 10.61 0.37 NS

8 weeks 12.74 0.26 12.01 0.26 p < 0.05 12.36 0.42 p < 0.05 12.66 0.16 NS

Orthod Craniofac Res 2011;14:63–69 67

Márquez et al. Bone growth alteration by sex hormones



that different receptors are involved during bone

growth and bone maintenance; it is thus speculated

that ERb receptor is involved in bone growth immedi-

ately after birth. In contrast, the administration of ERb

antagonist at 1, 4, and 8 weeks created a shorter femur

in male and at 1 and 8 weeks in female. In addition, the

administration of AR antagonist in male and ERa

antagonist in male and female also caused a shorter

femur at 8 weeks. It is demonstrated that ERb is

involved in long bone growth in both genders before

and during puberty, and AR and ERa are also involved

in bone growth and maintenance during late puberty

and maturation. From these results, it would be rea-

sonably assumed that immediately after birth, ERb is

the main pathway by which sex hormones stimulate

bone growth.

The administration of ERb antagonist at 1 and

4 weeks in both genders and at 8 weeks in female

caused a smaller mandible. In addition, the adminis-

tration of AR and ERa antagonists produced a smaller

mandible at 8 weeks. These measurements were

affected in male by AR antagonist and in male and

female by ERa antagonist. These evidences emphasize

that ERb is a major receptor involved in bone growth

after birth and during early puberty. However, the

growth alteration seen in the group administered with

ERb appears to catch up after initial decline. This might

be because of a higher stimulatory action of ERa in

counteraction of non-functional ERb (17), as also the

action of AR in male mice. Moreover, for mandibular

growth, both endochondral and perichondral activities

are important, although endochondral bone formation

seems to exceed the perichondral bone formation (18).

This might be the reason why the condylar height and

mandibular length were mainly affected by sex hor-

mones antagonists in both genders.

In this research, we used the selective estrogen

receptors (ERs) antagonists MPP and PHTPP. In the

past, it was difficult to investigate the individual effects

of the ERs because of an inexistence of selective

antagonists. Lately, MPP and PHTPP have been intro-

duced as selective ERs antagonists, even though

extensive findings about them are not available in the

literature. In vitro assays characterized MPP as ERa

antagonist (9); however, emerging evidence suggests

that it may more accurately resemble a selective

estrogen receptor modulator (SERM) with mixed ago-

nist ⁄ antagonist properties depending on the tissue they

influence (19). For the present results, we have char-

acterized them as specific antagonists of ERa and ERb,

although further studies have to be performed.

Conclusions

From these results, it is assumed that the reduced bone

growth found in the mandible and femur is a result of

the inability of sex hormones to especially stimulate

ERb in male and female before and during early pub-

erty. In late and after puberty, the discrepancy is

caused by the inefficacy to stimulate ERa, ERb, and AR

in male and ERa and ERb in female.

In this era of the growing presence of genetics in

diagnosis, it would become practical to create normal

indices based on genetic information. In the future, the

variations in the expression of sex hormone receptors

throughout puberty and maturation might become

reliable indicators of bone maturity, which would

provide an insight into scientific diagnosis for ortho-

dontic treatment.

Clinical relevance

In the past, the sex hormones were considered mostly

important for their effects in sexual differentiation in

humans. However, at present, these hormones are a

theme of study for other important processes in which

they are involved. The present study is the beginning of

many other studies to come, relating these hormones

and its receptors with the stages of bone growth. It is

our vision that this research contributes to the devel-

opment of an accurate bone growth curve normality in

humans for diagnostic purposes.
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