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Abstract
The incidence of menstrual irregularities, both primary and secondary amenorrhea, has been
reported to be as high as 60%, with the highest incidence in younger athletes, suggesting possible
adverse effects on bone development. It was hypothesized that in a rat model, suppressed
hypothalamic activity via a gonadotropin-releasing hormone antagonist (GnRH-a) before onset of
puberty would result in a relatively larger bone strength deficit compared with suppression after
puberty. Hypothalamic suppression was achieved by providing GnRH injections. Animals
received injections for 25 days either before puberty (pre group) (age 23–46 days) or after puberty
(post group) (age 65–90 days). Body weights and uterine weights were measured. Serum estradiol
was assayed. Mechanical strength of the right femora and histomorphometry of the left femur
were measured. Suppression of the hypothalamic– pituitary–gonadal axis was confirmed by
significant atrophy of uterine tissue and suppressed estradiol levels. The peak moment was
significantly lower in the pre and post GnRH-a groups compared with control. The percentage
difference of the average peak moment and stiffness values from the respective age-matched
control groups yielded a greater percentage difference in the pre group. The cortical area was less
in the GnRH-a-treated groups, but no significant difference between the relative deficits between
pre and post groups were found. Hypothalimic–pituitary–gonadal axis suppression before puberty
resulted in a significantly larger deficit in mechanical strength compared with postpubertal
animals. The time before puberty may represent a time when skeletal strength is more
compromised. Women experience both primary and secondary amenorrhea; however, the
treatment may need to be different for each condition.
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adverse effects on bone development [1, 2]. Studies have reported bone densities in young
athletic women to be similar to those of 51-year-old women [3]. In a recent study, 72% of
amenorrheic athletes had bone densities that met the diagnostic criterion for osteopenia or
osteoporosis [4]. In 1992, a syndrome, the female athlete triad, was identified and includes
the connection between energy availability, menstrual function, and bone strength [5]. The
delay of menarche and infrequent menstrual cycles decrease estrogen levels during
adolescence and decrease peak bone mass [3, 6, 7]. Suboptimal skeletal development may
affect long-term bone strength and increase the incidence of fracture during growth and at
maturity. The failure to accrue peak bone mass during the adolescent years represents a
missed opportunity to optimize bone mass during one’s life [2, 4].

Osteoporosis has been called ‘‘a pediatric disease with geriatric consequences’’ [8]. Peak
bone mineral accrual rate occurs at puberty [9], with an accrual of 26% of total adult bone
mineral within 2 years [10]. However, a delay in the onset of puberty (primary amenorrhea)
correlates with both low bone mass and an increased incidence of stress fracture in young
women [11]. In a comparison of elite female athletes who experienced fracture vs. those
who did not, bone mineral density (BMD) was not different between groups; however, there
was a significantly later age at menarche (puberty) in the group that experienced fracture
[12]. Young girls with childhood fracture had lower bone mineral content compared with a
nonfracture group, and they also had lower bone mass at pubertal maturity [13]. Several
studies have reported that women with secondary amenorrhea had lower bone mass when
compared with control groups or women with normal menstruation [3, 6, 7]. Reproductive
abnormalities such as primary or secondary amenorrhea are highly prevalent in athletes,
dancers, and patients with anorexia nervosa [14, 15]. It is estimated that between 3% and
66% of the female athletic population exhibit menstrual irregularities [1, 2].

Although amenorrhea is associated with compromised bone mass [2, 11, 16], a suppression
of estrogen should be beneficial to the cortical bone structure and strength. Increased
estrogen levels in females at puberty inhibit periosteal modeling resulting in smaller bones
compared with males. As a result, a delay in puberty should result in an increased periosteal
diameter, potentially producing stronger bones because the resistance to bending or torsional
forces is exponentially related to bone diameter. Suppression of estradiol by ovariectomy in
older rats resulted in increased periosteal bone formation rates in females and suppressed
rates in males [17, 18]. Furthermore, increased femoral periosteal circumference and
moments of inertia have been reported after ovariectomy [19, 20]. As a result, mechanical
strength after ovariectomy may not decrease and has actually been reported to increase in
some studies [19–21]. These data support the hypothesis that suppressed estradiol should
result in stronger bone; however, an animal model of delayed puberty (suppressed estrogen
levels) has reported short-term decreases in peak moment and stiffness without changes in
total area or bone area [22].

Therefore, the purpose of this analysis was to determine whether hypothalamic suppression
affects bone strength to a greater extent before vs. after the onset of puberty (primary vs.
secondary amenorrhea). These two time points both occur during increased growth rates in
rats [23, 24], but one time point is before the onset of puberty and the other is after puberty.
It was hypothesized that suppressed hypothalamic activity via a gonadotropin-releasing
hormone antagonist (GnRH-a) before the onset of puberty would result in a relatively larger
bone strength deficit compared with suppression after puberty.

Materials and Methods
An analysis was conducted to determine the effect of hypothalamic suppression on
mechanical parameters, bone structure parameters, estradiol, and body weight at two ages:
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before and after puberty (Fig. 1). Hypothalamic suppression was achieved by providing
GnRH-a injections [25, 26].

Injections (0.2 mL) of either saline or GnRH-a (Zentaris GmbH) were provided
intraperitoneally. The postpuberty group consisted of 24 female Sprague Dawley rats
randomly assigned to an age-matched control group (n = 15) and to an experimental group
(post group) (n = 9). The post group received injections for 25 days, from the age of 65 days
to the age of 90 days, at a dose of 2.5 mg/kg. This represents a time point after puberty but
during a period of increased growth rate.

The outcome measures of the postpubertal animals were compared with those of a group of
animals with prepubertal hypothalamic suppression (reported elsewhere [27]). Thirty
animals (23 days of age) were randomly assigned to a control group (n = 15) and an
experimental group (n = 15) (pre group) that received injections of GnRH-a. The
experimental group was injected with a dose of 1.25 mg/kg every day for a 25-day period.
Animals were killed at 48 days.

All animals were housed three per cage with a 12 h light–dark cycle. They received standard
rat chow and water ad libitum. All procedures were approved by the Institutional Animal
Care and Use Committee at Brooklyn College, City University of New York.

When the animals were killed (at 48 days of age for the pre group and 90 days of age for the
post group), animals were anesthetized by intraperitoneal injection of ketamine (80 mg/kg)
and xylazine (16 mg/kg). Blood was taken via cardiac puncture, after which the animals
were killed by an overdose of pentobarbital. After death, body weight was measured, and
uterine tissue was collected and weighed. The femurs were removed and cleaned of soft
tissue. The right femurs were tested for mechanical strength, the left femurs were used for
histomorphometry analysis, and tibiae were ashed for mineral content.

Blood Chemistry
Serum estradiol was measured with a radioimmunoassay (3rd Generation Estradiol RIA,
DSL-39100, Diagnostic Systems Laboratories, Inc., Webster, TX). Interassay coefficient of
variation was less than 6% and sensitivity was 0.6 pg/mL.

Bone Histomorphometry
Left femurs were fixed in 10% buffered formalin for 24–48 h and thereafter kept in 70%
ethanol until processing. The bones were bulk stained with a Villanueva mineralized bone
stain (Arizona Histology and Histomorphometry Services, Phoenix, AZ) for 7 days. After
staining, the femurs were dehydrated with ethylene glycol monoethyl (Fisher, Fair Lawn,
NJ), cleared in methyl salicylate (J. T. Baker, Phillipsburg, NJ), and embedded in methyl
methacrylate with 15% dibutyl phthalate (Fisher Scientific). Undecalcified cross sections
(200 µm thick) were cut at the middiaphysis with an Isomet 1000 precision saw with a
diamond wafering blade (Buehler, Lake Bluff, IL), polished to a final thickness of 50–100
µm, and coverslipped for analysis.

Cortical bone changes were assessed with bright-field microscopy. Histomorphometry was
performed by a bio-quantification system (Osteometrics, Atlanta, GA, and Bioquant,
Nashville, TN) following the standard measures described by Parfitt et al. [28]. Static
histomorphometric indices included total subperiosteal area (T.Ar; mm2), cortical area
[Ct.Ar = (T.Ar– Ma.Ar); mm2] and marrow area (Ma.Ar; mm2). The relative cortical area
was calculated as a percentage of Ct.Ar per T.Ar (% Ct.Ar/T.Ar).
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Cortical Bone Mechanical Properties
Breaking strength of each femur was measured under three-point bending using a materials
testing machine (Instron, Canton, MA) fitted with a 1000-N load cell. Femurs were placed
on the loading fixture anterior-side down and loaded in the anteroposterior plane. Because of
the difference in femoral length between the pre and post animals, and in order to minimize
the effect of shear loading, the distance between the lower support points was maximized for
each group: 16 mm for the pre animals and 19 mm for the post animals. Before testing, the
right femurs were thawed in saline at room temperature to ensure hydration. The femurs
were loaded to failure at a rate of 0.05 mm/s, during which displacement and force were
collected (100 Hz). The force and displacement values were normalized by using terms
derived from engineering analysis of three-point bending [29]. Bending moments were
calculated from the force (F) data (M = FL/4) (Nmm). Displacement data were divided by
(L2/12) (mm/mm2), where L is the distance between the lower supports. Whole bone
mechanical properties were then determined from the moment vs. normalized displacement
curves including; peak moment (Nmm) (ultimate load the specimen sustained), stiffness
(Nmm) (the slope of the initial linear portion of the moment–displacement curve), postyield
displacement (mm/mm2) (displacement at failure minus the displacement at the yield point),
and work to failure (Nmm-mm/mm2) (the area under the moment-displace-ment curve
before failure).

Bone Composition
The right tibiae were removed and the marrow flushed with phosphate-buffered saline. Dry
weight of the tibia was determined after drying in an oven at 100°C for 12 h. Ash weight
was determined after ashing the bone in a muffle furnace (Fisher Scientific) at 800°C for 24
h. Ash fraction was calculated as ash weight/dry weight [30]. Only the diaphyses were ashed
for the pre groups.

Data Analysis
Before statistical evaluation, the mechanical outcome measures that were found to scale with
body weight were normalized with a linear regression-based correction [31]. All variables
with an R2 level greater than 0 were normalized to avoid choosing an arbitrary R2 value as a
cutoff for normalization. The correction decreased the variability in the data. Results are
presented as mean (standard deviation) values. A two-way analysis of variance and a
Bonferroni post hoc test assessed differences between the control and experimental groups
for the pre and post groups at a significance level of P < 0.05 (GraphPadPrism v5.01,
GraphPad Software, Inc.). To compare the relative deficits in bone strength and structure
between the pre and post groups, the difference between the average control value and the
GnRH-a groups were calculated and expressed as a percentage difference. An unpaired t-test
assessed differences between the pre and post groups at a significance level of P < 0.05
(GraphPadPrism v5.01, GraphPad Software, Inc.). Differences in any outcome measure
greater than twice the standard error of the mean were considered to be a trend.

Results
Suppression of the hypothalamic–pituitary–gonadal axis was confirmed by a significant
atrophy of uterine tissue. Uterine weight decreased by 62.5–75.5% in both the pre and post
groups (Fig. 2a). Fifty percent of the pre group had complete suppression of puberty during
the 25-day protocol [27]. Estradiol levels were suppressed by 27% in the pre group and 36%
in the post group (Fig. 2b). Body weight increased significantly (17–18%) in both the pre
and post groups (Fig. 2c).
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GnRH-a injections before and after onset of puberty result in lower mechanical strength
after 25 days of injection (Fig. 3). The peak moment was significantly lower in the GnRH-a-
treated groups compared with control. The differences were 17.6% lower in the pre group
and 7.5% lower in the post group. There was also a significant increase in peak moment
from the pre to post groups as a result of the difference in age between the groups (48 days
vs. 90 days) (Fig. 3a). The stiffness values were significantly lower in the GnRH-a groups
compared with control, with a significant increase between the pre and post groups. But the
23.3% decrease in stiffness in the pre group and the 3.6% decrease in the post group were
not significantly different in the post hoc analysis (Fig. 3b), although there was a trend
toward a lower stiffness in the pre GnRH-a-treated group. The work to failure or the
toughness of the bone was not different between experimental conditions or between the pre
and post groups (Fig. 3c). The postyield displacement was significantly lower in the post
groups compared with the pre groups (Fig. 3d), indicating a more brittle bone in the older
group. The trend toward an increase in postyield displacement in the GnRH-a post group
combined with the decrease in peak moment maintain a similar work to failure compared
with the postpubertal control group (Fig. 3). The percentage difference between peak
moment and stiffness values of the GnRH-a-treated groups and the average value of the age-
matched control group was larger in the pre group (Fig. 4). The percentage difference in the
peak moment in the post group (7.5%) was significantly lower that the pre group (17.6%).
The percentage difference between the stiffness values was also significantly lower in the
post group—a difference of 3.6% compared with 23.3% in the post and pre groups,
respectively (Fig. 4).

GnRH-a injections before and after the onset of puberty resulted in a lower cortical bone
area (Ct.Ar) after 25 days of injection (Fig. 5). The cortical bone area was significantly
lower in the GnRH-a groups compared with control. The areas were 11% lower in the pre
group and 7% lower in the post group. There was a significant increase in cortical bone area
from the pre to the post groups as a result of the difference in age between the groups (48
days vs. 90 days) (Fig. 5a). The relative cortical area (% Ct.Ar/T.Ar) values were
significantly lower in the GnRH-a groups compared with control, with a significant increase
between the pre and post groups. Post hoc analysis did not yield significant changes in
relative cortical area after GnRH-a injections compared with control in both the pre and post
groups (Fig. 5b). However, the data were trending toward lower relative cortical area in both
groups. The total subperiosteal area was significantly lower in the pre groups compared with
the post groups (Fig. 5c), but there was no difference between the GnRH-a and control
groups in either the pre or post groups. The marrow area was not different between
experimental conditions or between the pre and post groups (Fig. 5d). The decreased cortical
bone area and relative cortical area (an indicator of cortical width) were not decreased as a
result of significant changes in either the total area or marrow area, but possibly as a result
of subtle shifts in bone surfaces. A comparison of the percentage difference of the relative
cortical area and cortical area of the GnRH-a groups and the average value from the
respective age-matched control groups resulted in no significant difference between the pre
and post groups (Fig. 6); indicating that the structural changes were not more dramatic,
depending on the age of hypothalamic suppression. There were no significant differences
between ash fraction in the GnRH-a and control groups either before or after puberty. Ash
fraction was 69.7% and 70.0% for the control and GnRH-a groups, respectively, in the pre
groups and 60.7% and 60.7% in the post groups.

Discussion
GnRH-a injections administered to rats before and after puberty suppressed the
hypothalamic–pituitary–gonadal axis, as evidenced by a significant atrophy of uterine tissue
and suppressed serum estradiol levels (Fig. 2). The decrease in estradiol levels after
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hypothalamic suppression may have resulted from decreased pulsatile secretion of
gonadotropin-releasing hormone from the hypothalamus, which then resulted in decreased
luteinizing hormone and follicle-stimulating hormone secretion from the anterior pituitary
[26]. The pre group’s percentage differences between GnRH-a peak moment and stiffness
values compared with the average value of the control group were larger compared with the
post group. The current data suggest that both a decreased exposure to estrogen and the
timing of that decreased exposure may affect bone strength. The animals had the same
relative decrease in estradiol levels (Fig. 2b) for the same duration (25 days); only the timing
of the suppression differed (before vs. after the onset of puberty). Less cortical area was
measured in the GnRH-a groups in both the pre and post groups; however, a similar relative
percentage difference between control and GnRH-a-treated groups was found in the
structural parameters in the pre and post groups. Similar bone mineralization was found
between the pre and post groups.

The association of primary amenorrhea (delayed puberty) and decreased areal BMD and
thus a higher risk of hip, forearm, and vertebral fractures is hypothesized to result from the
decreased exposure to estrogen between puberty and the time of peak bone mass [32].
Decreased estrogen may lower endocortical deposition, which decreases the cortical
thickness of bone and therefore bone strength. However, an adaptation of increased
periosteal expansion after endocortical resorption has been reported specifically during
aging and at menopause [33–35]. This increase in periosteal bone has a greater positive
effect on bone strength compared with endocortical apposition. Both pre and post groups
had decreased cortical area and relative cortical area after hypothalamic suppression with
GnRH-a injections. Yet there was no shift in bone structure with the decreased bone area
toward the periosteal surface, as would be indicated by an increase in total area.
Furthermore, the strength values were significantly lower in the GnRH-a-treated groups
compared with control and to a greater degree in the pre groups, yet changes in bone area
were similar between the pre and post groups. Thus, it does not completely explain the
larger strength deficit in prepubertal GnRH-a-treated animals.

In the current data, the similar structural deficits between pre and post groups but larger
strength deficits could result from composition or microarchitectural changes. The
percentage of ash fraction, an indicator of bone mineralization, was not different between
groups, suggesting that mineral differences do not explain the strength deficit. Furthermore,
the decrease in cortical bone area in both groups was not due to age-related effects of
GnRH-a on total area or marrow area. Both factors were not significantly affected by the
primary or secondary suppression of estradiol. Interestingly, estrogen is hypothesized to be a
negative regulator of body size, bone mass, and bone size. Increased bone formation
specifically on the periosteal surface has been reported in both young and old rats after
ovariectomy and GnRH-a injections [17–19, 27, 36, 37]. The lack of a significant change in
total area and marrow area is not indicative of a lack of periosteal accrual. Modeling is the
mechanism of large bone size and shape changes during growth in rats and humans [38, 39].
This growth is also accompanied by a drift, or a posterolateral shift of the bone. The relative
rates of resorption and formation on the periosteal and endocortical surfaces would affect the
cortical width, total area, and moment of inertia, and thus bone strength [40]. An increase in
periosteal bone formation rate has resulted in increased bone strength due to an increased
moment of inertia [19–21, 41]. However, in prepubescent animals that receive GnRH-a
injections, the increased periosteal formation did not rescue bone strength [27]. This
difference may be due in part to the type of bone formed on the periosteal surface (lamellar
or woven). Therefore, young animals, although accruing bone on the periosteal surface, may
accrue woven bone, which is less mechanically competent than lamellar bone, resulting in
decreased strength. Younger animals (before puberty) may be more vulnerable to this
accrual of woven bone.
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Body weight has been considered to be positively correlated to bone density and has been
considered to have a protective effect on bone mass and thus bone strength. Hypothalamic
suppression through GnRH-a injections resulted in a significantly lower bone strength both
before and after the onset of puberty, but also resulted in a significant increase in body
weight (Figs. 2, 3). Therefore, bone mass and strength are not wholly dependent on body
weight, and other factors affect bone strength development. Therefore, clinically, it should
not be assumed that heavier women have stronger bones.

These data support the hypothesis that the age at which estradiol is suppressed affects bone
strength and therefore may affect long-term bone health. Women experience both primary
and secondary amenorrhea, which may result from hypothalamic suppression; however, the
treatment may need to be different for each condition. The mechanism of lower estradiol
levels at different ages remains elusive, as does the extent to which bone strength may catch
up after estradiol suppression. Animal models of delayed puberty have suggested the
existence of catch-up growth [42] or a recovery of bone strength. One study reported a
transient decrease in bone strength (day 50) but a full recovery of bone strength at 6 months
of age after a significant delay of the onset of puberty when provided with GnRH-a
injections. However, the mechanism of this recovery remains elusive [43], and data from
human studies suggest a sustained bone deficit after amenorrhea. Warren et al. [44] treated
amenorrheic dancers for 2 years with hormone replacement therapy and found no difference
in BMD between treated and placebo groups. To sum up, animal studies suggest that one
negative perturbation during bone development may not have a long-term effect on bone
strength, but clinically, women with a history of amenorrhea have experienced bone loss
[11, 44]. Other factors, such as severity of exposure and duration of amenorrhea, must be
investigated.

Young, growing rats are useful models for studying factors that modulate bone strength
development, specifically hypothalamic suppression resulting in lower estradiol levels.
Animal models that use ovariectomy represent the most extreme condition of delayed
reproductive development with the complete cessation of estrogen. However, GnRH-a
injections have successfully delayed the onset of puberty in female rats as determined by
delayed vaginal opening, lower ovarian and uterine weights, and lower serum estradiol
levels [22, 25, 45, 46]. Furthermore, the withdrawal of GnRH-a injections restores normal
hypothalamic–pituitary function, allowing control of estrogen levels for a finite (transient)
period of time. This model offers an opportunity to reproduce the environment of delayed
pubertal development to investigate adaptation mechanisms, both positive and negative, on
bone strength.

Limitations do exist in this analysis. First, there is an increase in body weight from the
GnRH-a injection protocol. This does not mimic some clinical manifestations of delayed
puberty or secondary amenorrhea, in which case body weights are lower than normally
menstruating women. There may be an interaction of hypothalamic suppression and energy
restriction. Second, this particular analysis is a cross-sectional approach that uses two
groups, one before and one after onset of puberty. However, the advantage of using rats is
that their development and environmental exposure is similar, and we can directly measure
bone strength through a three-point bending test. Clinically, BMD measurements provide a
surrogate for bone strength measures. However, studies on animals suggest that changes in
BMD underestimate effects on bone strength. Although Fyhrie et al. [47] reported a
correlation between trabecular bone volume and bone strength and stiffness, bone volume
accounted for 65–80% of the variance in bone strength. Bone mass is not the only factor
contributing to bone strength; bone architecture and microarchitecture are also bone strength
determinants [48].
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In conclusion, environmental modifications may greatly affect peak bone mass. Many young
women experience primary and secondary hypothalamic amenorrhea and may have long-
term bone strength deficits as a result. The timing of the suppressed estradiol to puberty
(before vs. after) may affect the relative strength deficit. There is a greater deficit with
hypothalamic suppression before the onset of puberty, suggesting that this time point may
have more severe consequences. The long-term effect of the timing of amenorrhea and the
effect of repeated bouts of amenorrhea on bone strength need to be investigated
prospectively.
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Fig. 1.
Pre-experimental group was injected with GnRH-a beginning on day 23 (before the onset of
puberty) until day 48, when they were killed. The post experimental group was injected
from days 65–90, when they were killed
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Fig. 2.
Control and GnRH-a-treated groups for both the pre and post groups for uterus weight (a),
serum estradiol levels (b), and body weight at the time they were killed (c). *P< 0.05
compared with control, +P< 0.05 significant effect of experimental protocol (control vs.
GnRH-a), #P < 0.05 significant effect of age (pre vs. post)
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Fig. 3.
Control and GnRH-a-treated groups for both the pre and post groups for a peak moment, b
stiffness, c work to failure, and d postyield deformation. *P < 0.05 compared with
control, +P < 0.05 significant effect of experimental protocol (control vs. GnRH-a), #P<0.05
significant effect of age (pre vs. post)
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Fig. 4.
Percentage difference between the GnRH-a groups both before and after puberty, and the
average control value of peak moment and stiffness. Sold bars, post group; open bars, pre
group. *P< 0.05 pre compared with post group
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Fig. 5.
Control and GnRH-a-treated groups for pre and post groups for a cortical bone area, b
relative cortical area, c total subperiosteal area, and d marrow area. *P<0.05 compared with
control, +P < 0.05 significant effect of experimental protocol (control vs. GnRH-a), #P<0.05
significant effect of age (pre vs. post)
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Fig. 6.
Percentage difference between the GnRH-a-treated pre and post groups, and the average
control value of relative cortical area and cortical area. Solid bars, post group; open bars, pre
group. *P < 0.05 pre compared with post group
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