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ABSTRACT

INTRODUCTION: Low energy availability and hypothalamic amenorrhea are both risk
factors for developing insufficient bone mineral density (BMD) in young physically
active women. The prevalence of osteopenia in women athletes is estimated to be
between 22-50%. PURPOSE: Determine the effect of calorie restriction and
hypothalamic suppression on bone strength and geometrical measures. METHODS: 30
female Sprague-Dawley rats, age day 23, were randomly assigned to a control (C, n=8)
group that received daily saline injections (0.2cc) for 27 days and sacrificed at age day
50, or two experimental groups; delayed puberty (GnRH-a, n=14) that received daily
injections of gonadotropin releasing hormone antagonist (GnRH-a, 0.2cc, dosage
0.2mgekg™) or food restricted and delayed puberty (FR-G, n=8) that received daily
injections of gonadotropin releasing hormone antagonist and had a 30% caloric
restriction (no deficit in micronutrients) based on the C group’s average daily food
consumption. All animals were sacrificed at age day of 50. RESULTS: Body weight on
day of sacrifice of the FR-G was significantly lower than C (15%, p < 0.001) while
GnRH-a was significantly higher than C (8%, p=0.013). The GnRH-a treatment was
successful indicated by significantly lower uterine and ovary weights in both the FR-G
and GnRH-a groups (p < 0.001). The percent muscle to fat ratio of the FR-G group was
significantly higher than control (64%, p=0.038). There was no difference in absolute
femoral peak moment, however when normalized for body weight the FR-G and GnRH-a
groups were significantly higher than control (19%, p = 0.004 and 20%, p < 0.001
respectively). Cortical bone total area was significantly less in the FR-G group as

compared to control (10%, p = 0.043) however, FR-G had a larger cortical thickness



iii
compared to control (15%, p =0.036). In the trabecular both the GnRH-a and FR-G

groups had a significantly lower percent bone volume per total volume (BV/TV)
compared to control (p < 0.001). However, when normalized for body weight, the
percent bone volume of the FR-G group was higher than both control (p = 0.046) and
GnRH-a (p <0.001). The structure was also affected, GnRH-a and FR-G had a higher
structural model index (SMI) values than control (p = 0.002, p = 0.007). CONCLUSION:
Hypothalamic suppression and caloric restriction before puberty reduced body weight,
body fat, and muscle weight while increasing femoral peak moment relative to body
weight and increasing cortical thickness in the femur while maintaining trabecular
volume per body weight. These results could suggest bone strength is more correlated

with body composition than hypothalamic function.
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CHAPTER 1
INTRODUCTION

Research has reported bone densities in young athletic women similar to 51-year
old women (Drinkwater et al., 1984; Myerson et al., 1992). Two main factors are
associated with low bone density in athletes, estrogen deficiency and low energy
availability. Osteopenia due to menstrual irregularities (estrogen deficiency) or low
energy availability is estimated to be present in 22-50% of women athletes (Aurelia
Nattiv et al., 2007). Exercising women with an estrogen deficiency, in the presence of an
energy deficiency, are hypothesized to lose bone through suppressed bone formation and
increased bone resorption. However, with adequate energy status, there was no
difference in bone turnover determined by serum markers in estrogen deficient women
(De Souza et al., 2008). The term “female athlete triad” refers to the relationship
between energy availability, menstrual regularity, and bone health present in physically
active women. Studies on female athletes have shown exercise related menstrual
dysfunction is difficult to achieve with exercise alone (Crée, 1998; Keizer & Rogol,
1990; A B Loucks & Verdun, 1998; A Nattiv, Agostini, Drinkwater, & Yeager, 1999; M
P Warren & Stiehl, 1999; D. L. Wiggins & Wiggins, 2004). Reduced energy availability
due to caloric restriction appears to be the factor that could lead to hypothalamic changes
and reduction in bone mass.

Animal models used to determine the effects of low estrogen on bone strength
have shown measured deficits in whole bone mechanics (Vanessa R Yingling & Taylor,
2008; V. Yingling & Khaneja, 2006). Energy restriction in animals has also resulted in

decreased absolute fracture strength of the femur (Ferguson, Greenberg, Bateman, Ayers,



& Simske, 1999) and decreased bone mass observed in the tibia (Berezovs’kyi &

Chaka, 2010). In addition, energy restriction has lead to a decrease in estrogen activity
(Hawkins, Cifuentes, Pleshko, Ambia-Sobhan, & Shapses, 2010) and these estrogen
deficient, energy restricted animals present with decreased biomechanical fracture
strength (Talbott, Cifuentes, Dunn, & Shapses, 2001). Based on these previous findings,
and that physically active women often present with both an estrogen deficiency and low
energy availability (Aurelia Nattiv et al., 2007), it is warranted to investigate these two
factors together. Therefore, the purpose of this study was to examine the combined
effects of caloric restriction and delayed puberty on bone strength and geometry in pre-

pubertal female rats.



CHAPTER 2
METHODOLOGY
ANIMAL PROTOCOL

Thirty female Sprague Dawley rats (23 days-of-age) (Charles Rivers Laboratories,
Wilmington, MA, USA) randomly assigned to one of the following groups, control (C) (n
= 8), gonadotropin releasing hormone antagonist treatment (GnRH-a) (n = 14), or food
restricted and GnRH-a treatment (FR-G) (n = 8). Gonadotropin-releasing hormone
antagonists (GnRH-a) have successfully delayed the onset of puberty in female rats and
have the advantage that normal hypothalamic-pituitary function is restored after cessation
of injections (Roth et al., 2000). Each of the animals in the GnRH-a and FR-G groups
received daily injections (0.2cc dose at 2mg/kg) (My Biosource, San Diego, CA) of
GnRH-a intraperitoneally from age day 23-day 50 while the control group received saline
injections (0.2cc). Animals were given food and water ad libitum except for the FR-G
group was given 70% of the amount the C group consumed for 27 days (age day 23-day
50). Food amount was adjusted daily. All animals were sacrificed at age day 50. All
procedures were approved by the Institutional Animal Care and Use Committee (IACUC)
at Temple University.

All animals were monitored daily for vaginal opening, an indicator of pubertal
onset. Body weights were taken every 4 days until age day 50. At the time of sacrifice,
body weight was measured, blood was taken via a cardiac puncture then the animals were
killed by an overdose of CO, . Uterus, ovaries, retroperitoneal and gonadal fat pads,
adrenal glands, and triceps surae muscle tissue were collected and weighed. Femurs,

tibias, right ulna, and L4/L5 lumbar vertebrae were removed and cleaned of soft tissue.



The right femurs, tibias, and ulnas were mechanically tested and ashed for mineral
content while the left femurs, tibias, and L4/L5 vertebrae were fixed in 10% buffered
formalin for 48 hours to one week for micro-CT imaging.
INSTRUMENTATION
Mechanical Testing

Mechanical strength of the right femurs was measured under three-point bending
using a materials testing machine (Bose Electroforce, Eden Prairie, MN) containing a
450N load cell. Bones were placed on the lower supports anterior side down and loaded
in the anterior-posterior plane. Span length of the lower supports was maximized at
16.83 mm to minimize the effect of shear loading. The femurs were thawed in saline to
ensure hydration and loaded to failure at a rate of 0.05mm/sec. During testing, force and
displacement data was collected. Bending moment was calculated from the force data
(M=FL/4) (Nmm) and displacement data were divided by (L*//2) (mm/mm?) where L is
the distance between the lower supports. Mechanical properties of the whole bone were
then determined from the moment vs. normalized displacement curves. Mechanical
properties included: peak moment (Nmm) (the maximal load the specimen sustained),
stiffness (Nmm?) (slope of the initial linear portion of the moment-displacement curve),
postyield moment (mm/mm?) (displacement at failure minus the displacement at the yield
point), and work to failure (Nmm-mm/mm?) (the area under the moment-displacement
curve before failure).
Micro-CT Analysis

The left femurs were fixed in 10% buffered formalin for 48 hours to one week,

stored in 70% ethanol, and scanned in an ex vivo pCT scanner (SkyScan 1172; SkyScan,



Aartslaar, Belgium) to measure geometrical changes in the cortical and structural
change in trabecular bone sites. The Skyscan-1172 has a sealed micro focus X-ray tube
that can go from 20keV-100keV energy with 10 megapixel (4000x2096) 12-bit cooled
CCD camera. Scanning was performed using a source voltage setting of 60keV*167 pA™
with a 0.5-mm Al filter to minimize the beam hardening from the polychromatic nature
of the sealed x-ray source. Scans were done with a rotation step of 0.40° through 180°
and a pixel size of 7.7 um. Feldkamp cone-beam reconstruction algorithm was used to
reconstruct the three-dimensional cross sections along with addressing the ring artifact
reduction of 10 and beam hardening corrections of 20%. Approximately 150-200 slices
in the epiphyseal trabecular, and 400 slices in both the metaphyseal trabecular and
cortical regions were analyzed. Trabecular analysis included percent bone volume,
trabecular thickness, trabecular number, trabecular separation, degree of anisotropy (DA)
and structural model index (SMI), while cortical included total crossectional area, cortical
bone area, marrow area, cortical area fraction, polar moment of inertia, and porosity and
all parameters were calculated according to the ASBMR standards (Parfitt et al., 1987).
Bone Composition

After mechanical testing, the right femora were flushed with phosphate-buffered
saline to discard the marrow. Dry weight of the bones was determined after drying in an
oven at 100°C for 24 hr. Ash weight was determined after ashing the bone in a muffle
furnace (Fischer Scientific) at 700°C for 24 hr. Ash fraction was calculated as ash weight

/ dry weight.



Data Analysis

Data was analyzed using a one-way ANOVA with Tukey post-hoc analysis with a
significance value of p <0.05 (SPSS v 17.0; SPSS Chicago, IL) to assess differences
between the control, FR-G, and GNRH-a groups. Mechanical and structural variables
were normalized with a linear regression-based correction using body weight (Di Masso
et al., 1997) because there was a significant difference in body weight between the groups

at sacrifice.



CHAPTER 3
RESULTS
DELAYED PUBERTY AND FOOD RESTRICTION MODELS

The delay in puberty model through GnRH-a injections was effective in the FR-G
and GnRH-a groups shown by a significant delay in vaginal opening (p < 0.001). 62% of
FR-G and 71% of GnRH-a animals did not reach puberty prior to day of sacrifice at day
50 (Fig. 1). Those animals in the FR-G and GnRH-a groups that reached puberty had
significantly (p = 0.014, p < 0.001) higher body weight on day of vaginal opening as
compared to control (Table 1). The significant decrease (p < 0.001) in uterine and ovary
weight by 80% and 75% in FR-G and 70% and 64% in GnRH-a further show the efficacy
of the GnRH-a protocol to delay puberty (Table 1).

The GnRH-a group had a higher body weight on day of sacrifice by 9% compared
to control (p = 0.013). The 30% food restriction protocol was shown effective in
reducing the body weight of FR-G by 16% less than control and 23% less than GnRH-a
(p <0.001). Both FR-G and GnRH-a had lower total fat (70% and 46%, p < 0.001) and
lower total fat/body weight (% BW) than control (64% and 51%, p <0.001). FR-G had a
lower triceps surae weight compared to GnRH-a (p = 0.001), but a higher triceps
surae/body weight (%BW) (10%, p = 0.001) than GnRH-a. Also, FR-G had a

significantly higher muscle/total fat percentage than control (p = 0.038) (Table 1).



Table 1: Summary of weights to show delayed puberty protocol and food restriction

Control FR-G GnRH-a ANOVA

(n=8) (n=8) (n=14) F-value
Body Weight at VO (g) 98.35+£12.42  144.03+£28.79* 190.56+36.82%* 24.390
Body Weight day of SAC (g) 190.63+12.27  161.61+6.78*" 207.21+£14.36%* 35.240
Uterine Weight (g) 0.35+0.09 0.068+0.048* 0.104+0.090* 30.160
Ovary Weight (g) 0.123+0.027  0.031£0.0074* 0.044+0.021* 48.560
Retroperineal Fat (g) 2.14+0.69 0.54+0.28* 1.02+0.35* 27.401
Gonadal Fat (g) 1.59+0.57 0.59+0.34* 1.004+0.37* 11.112
Total Fat (g) 3.73+1.21 1.14+0.61* 2.03+0.68* 20.167
Total Fat/BW (%) 195.39+62.45  71.29+£39.89* 96.58429.21* 19.534
Triceps Surae (g) 1.22+0.10 1.105+0.102° 1.28+0.101 7.767
Triceps Surae/BW (%) 64.13+£3.51 68.32+4.54° 61.98+2.75 8.417
Triceps Surae/Total Fat (%) 36.15+12.59  166.09+190.69* 72.18+30.72 3.718

VO Vaginal Opening, SAC sacrifice
Mean + SD *p<.05 from Control *p<.05 from GnRH-a



A Vaginal Opening
100-

9
5 —e— Control
> 30 = FR-G
§ —+— GnRH-a
° 604
£
= 40
=
5 20
S
& o
0 10 20 30 40 50
Day of VO
B Uterine/Ovary Weight
0.51
Il Control

0.4 [ FR-G
5 GnRH-a
= 0.3
=
=) .
QO
=

o o

SN

I} 1
[ H-

*

Figure 1: Effect of delayed puberty model. A, Time of vaginal opening (VO) resulting from
GnRH-a injections in delayed puberty model. Control animals had 100% VO by day 50, FR-G
only 38%, and GnRH-a only 29% had VO prior to sacrifice. B, Uterine and ovary weights were
significantly decreased in FR-G and GnRH-a groups compared to control.

*p<.05 compared to control



MECHANICAL PROPERTIES

10

The GnRH-a treatment to delay pubertal onset resulted in increased absolute peak

moment in the GnRH-a group as compared to FR-G (14%, p = 0.003) and control (17%,

p=0.011). However, when normalized for body weight, both FR-G and GnRH-a had a

higher peak moment than control (p = 0.002, p <0.001) (Table 2) (Fig. 2). This increase

in peak moment when normalized could suggest the whole bone strength is sufficient for

body weight in both the FR-G and GnRH-a groups. GnRH-a had a higher energy (NRQG)

(p = 0.009), energy post-yield (NRG post-yield) (p = 0.009) and displacement at failure

(p = 0.045) than FR-G. There were no changes observed in yield moment or stiffness

(Table 2).

Table 2: Right femur mechanical properties

Control FR-G GnRH-a ANOVA
(n=8) (n=8) (n=14) F-value
Peak Moment 192.60+34.86 198.17+14.53° 230.75+19.44* 8.575
(Nmm)
NRG (Nmm 8.02+1.15 6.94+2.18° 10.15+£2.71 5.657
mm/mmz)
NRG post-yield 5.53+1.26 4.55+2.29° 7.63+2.46 5.726
(Nmm mm/mmz)
Displacement at 0.0594+0.01 0.0501+0.01° 0.0629+0.01 3.226
Failure (mm/mmz)
Yield Moment 182.88+35.81 181.76+21.49 197.59+34.29 0.857
(Nmm)
Stiffness (Nmm?) 9017.17+2086.30 8846.31+695.76  9924.09+1235.98 1.877

Mean + SD *p < 0.05 from Control *p < 0.05 from GnRH-a
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Figure 2: Right femur mechanical properties. A, Peak moment was significantly higher in
GnRH-a than FR-G and control. B, When normalized for body weight, FR-G and GnRH-a were
both higher than control.

*p < 0.05 as compared to control, § p < 0.05 as compared to GnRH-a
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CORTICAL ANALYSIS

Cortical total area was significantly less in the FR-G group as compared to control
(10%, p =0.043) (Fig. 4). The smaller total area was also shown by a smaller total
perimeter in FR-G compared to control (p = 0.012) (Table 3). GnRH-a had a larger
cortical bone area than both FR-G and control (13% and 12% respectively, p < 0.001).
Both FR-G and GnRH-a had smaller marrow areas than control (15%, p=0.047,p =
0.020) (Fig. 4). However, GnRH-a had a larger endocortical perimeter than FR-G (p =
0.009), which could suggest endocortical resorption occurring (Table 3). Endocortical
perimeter included any cavities in the bone that occur within the marrow area (Fig. 3).
Therefore, this measure is higher if the bone was more porous in the marrow cavity, and
could also suggest endocortical resorption occurring in GnRH-a. Also, GnRH-a had a
higher porosity per total volume compared to control (p = 0.04), which further suggests
resorption. FR-G had a larger cross-sectional thickness as compared to control (15%, p
=0.036). FR-G had a lower polar moment of inertia than GnRH-a (15%, p = 0.024),
which could be due to the reduction in total area and bone area (Fig. 4).

When normalized for body weight, both FR-G and GnRH-a had a larger
normalized bone area than control (p < 0.001, p =0.004) (Table 3). GnRH-a had a
smaller total area than both FR-G (9%, p = 0.023) and control (10%, p = 0.008), which
suggests although GnRH-a have larger total areas the increased size may be large enough

for non experimental (control) animals of similar body weights.



Table 3: Cortical Micro-CT results

13

Control FR-G GnRH-a ANOVA

(n=8) (n=8) (n=14) F-value

T.Ar. (mm?) 9.88+0.68 8.8640.69* 9.34+0.79 3312
B.Ar (mm?) 3.40£0.194  3.35+0.21° 3.85+0.22% 16.676
Ma.Ar (mm?) 6.48+0.57 5.51+0.58* 5.49+0.84* 4.818
Cs.Th (mm) 0.19+0.01 0.23+0.02%* 0.22+0.03 3.607
T.Pm (mm) 12.43£0.45  11.56+0.45% 11.98+0.57 4.944
Ec.Pm (mm) 22.66+2.68  18.02+3.31° 24.22+4.92 5.329
MMI polar 9.25+1.19 7.89+1.02° 9.33+1.05 4.410
Porosity/TV 1.2140.27 1.29+0.56 1.75+0.49% 3.854
Normalized T.Ar. 10.04£0.35  9.91+0.66° 9.04+0.74* 7.110
Normalized B.Ar. 3.45+0.12 4.03+0.15* 3.72+0.19% 22.638

Mean + SD *p<.05 as compared to control, ‘p<.05 as compared to GnRH-a

Figure 3: Cortical slices. A, Control. B, FR-G. C, GnRH-a — showing endocortical resorption
pits.
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Figure 4: Cortical bone micro-CT results. A, FR-G total area (T.Ar.) was significantly less than
control (p=.043). B, GnRH-a had a larger bone area (B.Ar.) than both FR-G and control (p<.001).
C, Both FR-G and GnRH-a had a smaller marrow area (Ma.Ar.) than control (p=.047, p=.020). D,
FR-G had a larger cross-sectional thickness (Cs.Th.) than control (p=.036). E, FR-G had a smaller
polar moment of inertia (MMI) than GnRH-a (p=.024). F, GnRH-a had a higher porosity/TV
compared to control (p=.04).

*p<.05 as compared to control, § p<.05 as compared to GnRH-a
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METAPHYSEAL TRABECULAR ANALYSIS

The bone volume per total volume (BV/TV) ratio was significantly reduced in the
FR-G and GnRH-a groups compared to control (p <0.001) (Fig. 5) (Table 4). The reason
for this reduced BV/TV is because of a lower trabecular number in both FR-G and
GnRH-a (p <0.001) compared to control, and an increased trabecular separation in FR-G
compared to control (p = 0.007) and GnRH-a (p = 0.034) (Fig. 5) (Table 4). There were
no differences in trabecular thickness. However, when normalized for body weight, FR-
G has a significantly higher BV/TV than both control (p = 0.046) and GnRH-a (p <
0.001), which suggests no deficit in BV/TV for animals with lower body weight. The
structural model index is higher in both FR-G and GnRH-a compared to control (p =
0.007 and p = 0.002, respectively), which suggests a more rod-like structure of the

trabeculae (Fig. 5) (Table 4).

Table 4: Metaphyseal trabecular Micro-CT results

Control FR-G GnRH-a ANOVA

(n=8) (n=8) (n=14) F-value
BV/TV 7.46+1.31 4.22+1.16* 4.98+1.31* 12.858
Tb.Th. 0.06+0.003 0.06+0.002 0.06+0.002 1.538
Tb.N. 1.27+0.19 0.71+0.18* 0.87+0.22* 13.746
Tb.Sp. 0.69+0.07 0.88+0.18* 0.75+0.07 6.060
Normalized BV/TV 7.49+1.31 9.07+0.49%" 4.87£1.31* 32.444
SMI 1.42+0.17 1.69+0.09* 1.69+0.17* 8.775

Mean + SD *p<.05 as compared to control, ‘p<.05 as compared to GnRH-a
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Figure 5: Metaphyseal trabecular Micro-CT results. A, FR-G and GnRH-a had lower BV/TV than
control (p <0.001). B, FR-G had higher normalized BV/TV than both control (p = 0.046) and
GnRH-a (p <0.001). C, FR-G had higher trabecular separation (Tb.Sp.) than both control (p =
0.007) and GnRH-a (p = 0.034). D, FR-G and GnRH-a had less trabecular number (Tb.N.) than
control (p <0.001). E, Both FR-G and GnRH-a had a higher structural model index (SMI) than
control (p =0.007 and p = 0.002, respectively).

*p<.05 as compared to control, § p<.05 as compared to GnRH-a
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REMOVED CONTROL GROUP

Originally, this study included a second control group, housed three animals per
cage as comparison for the GnRH-a animals. However, the group was significantly
different from the other control group with a later day of vaginal opening, higher body
weight at VO, and lower total fat weight (Table 5). Therefore, the group was removed

for statistical purposes.

Table 5: Evidence for removal of the second control group.

Control-1 per cage Control-3 per cage T-TEST p-value
(n=8) (n=6)
Day of VO 3242 3642 0.0100
BW at VO 98.35+12.42 115.65+13.97 0.0307
Total Fat (g) 3.73+1.21 1.2440.64 0.0006

Mean+SD
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CHAPTER 4

DISCUSSION

Daily injections of the gonadotropin releasing hormone antagonist significantly
delayed the onset of puberty in the GnRH-a group, shown by a delay in vaginal opening
and lower uterine and ovary weights (Fig. 1). On the day of sacrifice, the body weight of
the GnRH-a group was significantly greater than the control group (8%) (Table 1).
GnRH-a had lower total fat (46%) and lower total fat/body weight (% BW, 51%) than
controls. GnRH-a also had a higher triceps surae weight than FR-G, but a lower triceps
surae per body weight (10%) than FR-G. The GnRH-a animals had sufficient bone
strength for body weight and had higher femoral peak moments after they were
normalized to body weight than the control group (Fig. 2). This higher peak moment
could be due to the GnRH-a group having a larger cortical bone area that was due to a
similar total area but a smaller marrow area compared to control. In the trabecular bone
regions of the distal femur, the GnRH-a group had lower bone volume per total volume
(BV/TV) in the metaphyseal trabecular both absolute and normalized per body weight,
due to a decrease in trabecular number (Table 4). However, GnRH-a had a higher
structural model index (SMI) compared to control, which suggests a more rod-like
arrangement of trabecular bone.

The combination gonadotropin releasing hormone antagonist with food restriction
group (FR-G) also had a delayed pubertal onset shown by a significantly later day of
vaginal opening and lower uterine and ovary weights (Table 1). The average body
weight of the FR-G group on day of sacrifice was significantly lower than control (16%)

and GnRH-a (23%). This group also had decreased total fat per body weight, higher
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triceps surae weight per body weight, and higher triceps surae weight per total fat

(Table 1). These results suggest the animals in the FR-G group were leaner and smaller
compared to the others. Similar to GnRH-a, the FR-G group also had a higher
normalized peak moment compared to control (Fig. 2). FR-G had a smaller cortical total
area but a larger cortical thickness than control due to a significantly smaller marrow area
(Fig. 4). FR-G had a smaller polar moment of inertia compared to GnRH-a, which is due
to the smaller total area of the FR-G than GnRH-a. Moment of inertia is a measure of
resistance to bending along an axis and is proportional the distribution of mass about that
axis (van der Meulen, Jepsen, & Miki¢, 2001). In bones, moment of inertia is the
resistance to bending along the central axis and therefore is used to evaluate bending
strength. FR-G with its lower moment of inertia should have a lower peak moment, but it
was similar to GnRH-a and higher than control possibly due to the increase in cortical
thickness. In the trabecular bone, FR-G had a lower BV/TV than control due to a
decrease in trabecular number and increase in trabecular separation, however FR-G had a
higher metaphyseal BV/TV relative to body weight compared to control and GnRH-a.
However, FR-G had a higher SMI than control similar to the GnRH-a group (Table 4).
Previous studies using GnRH-a injections at a 1.25mg/kg/dose in pre-pubertal rats
observed a lower femoral peak moment in the delayed puberty animals compared to
control due to a smaller cortical area due to an increased marrow area and similar total
area (V. Yingling & Khaneja, 2006; V. Yingling, Elle Saine, & Joshi, 2009). The current
study, using a GnRH-a dose of 2mg/kg/dose, saw opposite results in the marrow area,
with GnRH-a and FR-G having a smaller marrow area than control, which resulted in

GnRH-a having a larger cortical area. Fonseca, 2011, showed no change in femoral
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mechanical strength, but a reduction in cortical thickness following OVX surgery in

older female rats (Fonseca et al., 2011). These results are similar to the GnRH-a group in
the current study, which showed a smaller cortical thickness and an increase in femoral
strength compared to control. These results lead to the conclusion that low estrogen can
lead to a geometric change in the cortical bone but not necessarily a mechanical deficit.
The smaller cortical thickness in the previous study (Fonseca et al., 2011) was due to
increased resorption, marked by an increase in serum CTX (a marker for bone
resorption), thought to occur on the endocortical surface. Studies observing women with
low estrogen have also reported an increase in endocortical resorption (Riggs, Khosla, &
Melton, 2002) which could lead to decreased cortical thickness as observed in the
previous animal models. In the current study, the GnRH-a group had a larger
endocortical perimeter and increased porosity per total volume which could suggest some
endocortical resorption occurring (Fig. 3). The mechanical and micro-CT data from the
current study do not match previous GnRH-a studies with similar dosages, however, the
cortical changes may be moving towards a change that could result in lower mechanical
strength. It is possible the GnRH-a protocol was not given enough time to fully observe
the resorption that is occurring on the endocortical surface.

In osteoporotic women, trabecular bone is typically reduced due to trabecular
thinning and loss of trabecular connectivity (Aaron, Makins, & Sagreiya, 1987; Borer,
2005). A previous study using the GnRH-a protocol at a 100 pg/day dosage measured a
loss in percent trabecular bone due to a larger trabecular separation and lower trabecular
number (Vanessa R Yingling et al., 2007). The current study found similar results, with

the GnRH-a group having a lower metaphyseal absolute BV/TV and BV/TV per body
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weight compared to control, due to a decreased trabecular number. These results are

similar to OVX animals that typically results in lower BV/TV due to decrease trabecular
number, decreased trabecular thickness, and increased trabecular separation (Fonseca et
al., 2011). However, the GnRH-a group had a higher structural model index (SMI)
compared to control. SMI is a measure to determine if the trabeculae are more plate-like
or rod-like in structure where a higher number indicates a more rod-like arrangement
(Bouxsein et al., 2010). Therefore, although the GnRH-a group had a lower BV/TV per
body weight and a higher SMI could indicate endosteal resorption.

Sparing of trabecular bone is thought to be a protective mechanism to maintain
calcium availability and biomechanical strength during a stress of caloric restriction
(Hamrick, Ding, Ponnala, Ferrari, & Isales, 2008). The FR-G group had a significantly
higher femoral metaphyseal BV/TV per body weight than control (Table 4). Joshi, 2011
found similar results using a 30% food restriction and had an increase in vertebral
trabecular bone volume per body weight in the food restricted animals (R. N. Joshi et al.,
2011). Hamrick, et al. 2008, examined the effects of a caloric restriction in male mice
and found a significant decrease in femoral cortical thickness and fracture strength, but
no change in absolute trabecular bone fraction of the femur (Hamrick et al., 2008). The
current study did not observe a decrease in femoral cortical thickness in the FR-G, in fact
the cross-sectional thickness was larger than control, although the total area was smaller.
Westerbeek, et al. 2008, also found significantly higher normalized peak moments and
increased cortical cross-sectional area normalized to body weight in 40% calorie
restricted male mice (Westerbeek, Hepple, & Zernicke, 2008), similar to results found in

the current study’s FR-G group. The current study used a 30% caloric restriction and
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observed a maintenance or increase in bone mechanical strength, which could suggest

moderate caloric restriction with no deficit in micronutrients could be beneficial to bone
strength and geometry when normalized to body weight and reduce the effects of the
GnRH-a treatment in the bone. The total cortical area is smaller, which reduces the
measured moment of inertia, but the increase in cross-sectional thickness contributes to
the increase in peak moment. Previous studies have suggested the relationship between
muscle and fat mass has more effect on bone morphometry than total body weight. This
is most likely due to the effects of fat and muscle are different in cortical and trabecular
bone (Hamrick et al., 2008). The findings of this study support this hypothesis shown by
the FR-G group had a reduction in cortical area, but an increase in trabecular BV/TV and
an increase in peak moment per body weight. This could be due to the FR-G animals

having a higher muscle per total fat ratio than GnRH-a and control.
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CHAPTER 5

CONCLUSIONS

The GnRH-a protocol effectively delayed the onset of puberty in both the GnRH-
a and FR-G groups. The GnRH-a group showed a larger cortical bone area while the FR-
G had a larger cross-sectional thickness and both groups had a larger normalized peak
moment compared to control. Specifically, the FR-G group showed lower total fat and
higher muscle to fat ratio than control. Also, the FR-G had an increase in trabecular bone
volume per total volume. The results from this study lead to the conclusion body
composition may have more of an effect on bone strength and geometry in pubertal aged
female rats than a delay in puberty, which has previously been shown to decrease bone

strength.



CHAPTER 6
PROBLEM STATEMENT
Many young, physically active women present with low energy availability,
estrogen deficiency, and signs of osteopenia due to insufficient bone accrual through
puberty (Aurelia Nattiv et al., 2007). Animal models exist to examine the effect of
estrogen deficiency, or an energy deficiency on bone. However, to the author’s
knowledge, a model does not exist to examine the combined effects of estrogen

deficiency and caloric restriction on bone strength and geometry.

24



25
CHAPTER 7

HYPOTHESIS
The hypothesis tested was that the GnRH-a and FR-G treatment groups would
have lower femoral peak moment relative to body weight as compared to control. This
reduction in mechanical strength may be due to an increase in marrow area and reduction

in trabecular bone volume per body weight.
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CHAPTER 8

DECISION ON HYPOTHESIS
The hypothesis tested is rejected based on the findings of this study. Both the FR-
G and GnRH-a groups had higher femoral peak moments relative to body weight. Also,
marrow area was reduced in both groups and trabecular volume was not changed in

GnRH-a, and increased in FR-G per body weight.
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CHAPTER 9

SIGNIFICANCE

It is well documented that many physically active women are displaying early
signs of osteopenia, typically associated with a menstrual disturbance and energy
deficiency (De Souza & Williams, 2005; De Souza et al., 2008; Aurelia Nattiv et al.,
2007; Michelle P Warren et al., 2002, 2003). The cause of this observed osteopenia
however is still controversial. One study, observing adolescent female dancers, measured
lower estrogen levels, later age at menarche, and lower daily caloric intake compared to
controls. The dancers however, had significantly leaner body mass index and higher total
body bone mineral density and bone mineral content despite an energy restriction and
irregular menstrual cycle (L.-C. Yang et al., 2010). Another study observed retired
female gymnasts and noted past gymnastics training was associated with greater muscle
cross-sectional area and greater bone mass and bone size even after retirement (Eser, Hill,
Ducher, & Bass, 2009). These studies suggest there is some correlation between body
composition and bone mass possibly more than menstrual regularity. Therefore, the
female athlete triad remains a clinical concern, but body composition should be more of

the focus to determine risk of osteopenia than menstrual regularity and energy balance.
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CHAPTER 10

REVIEW OF LITERATURE

OVERVIEW OF BONE

Bone is a dynamic tissue always undergoing formation or resorption through
osteoblast (bone building cells) or osteoclast (bone resorbing cells) activity. Regulation
of these cells’ activity depends on nutrition, hormonal balance, and metabolic changes.
An increase in osteoclast activity could lead to reduction in bone mass if osteoblast
activity does not increase as well. There are two major types of bone, cortical and
trabecular, which can undergo modeling or remodeling due to a metabolic, hormonal, or
loading response in the body. Modeling occurs mainly during growth through the
addition of bone to increase the shape, size and strength of bones. The process of bone
modeling occurs with osteoblasts and osteoclasts active on different surfaces and
different rates to shape the bone and ultimately result in bone growth (Teti, 2011).
Remodeling occurs with osteoblast and osteoclast activity on the same surface to replace
existing bone or to change geometry in response to a loading stimulus or metabolic
change (Cowin, 2001). Cortical bone is dense and compact and has two surfaces;
periosteal, the outermost surface of the bone and endocortical, the inner surface or
marrow area. Trabecular bone is less dense and arranged in plate or rod-like structures
that are high in surface area. The role of cortical bone is to provide mechanical strength
and protection while undergoing a slow turnover rate, normally in response to a loading
stimulus or hormonal change. Trabecular bone undergoes a higher rate of remodeling as
a metabolic function of providing calcium. Remodeling is a cycle that consists of three

phases, as illustrated in figure 6 below. First, is resorption during which osteoclasts
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digest bone; second, reversal, when mononuclear cells line the bone surface; and

finally, formation in which osteoblasts lay down new bone (Hadjidakis & Androulakis,

2006).

Resting Phase Reversal Phase

Formation

Figure 6: Bone formation/remodeling. An illustration of bone formation adapted from (Baron,
2008). Remodeling is initiated by some activation by a loading, metabolic or hormonal stimulus.
Resorption occurs when osteoclasts digest bone, next reversal where the newly exposed bone
surface is lined by mononuclear cells, and finally formation when new bone is laid down by
osteoblasts. If bone resorption increases while bone formation decreases, bone loss occurs.

OVERVIEW OF BONE STRENGTH
The concept of whole bone strength is a measure of the maximum amount of
force a bone can withstand before fracture. Bone strength is a combination of both

material and geometrical properties. Material properties of bone are the measures of
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bone mineral density, collagen composition, and ash fraction (mineral content) (van

der Meulen et al., 2001). Geometrical measures, such as bone size, cross-sectional area,
or area moment of inertia, have been shown to predict up to 70-80% of whole bone
strength (Augat & Schorlemmer, 2006). Therefore, the geometric shape of bone material
has a greater effect on bone strength than the material properties of the bone. The
distribution of the mass of a bone about the neutral axis is quantified by the moment of
inertia measure and determines the resistance to bending of the whole bone. Moment of
inertia for a hollow structure (similar to the cortical diaphysis) is equal to /4 (rp4 — 1)
(where 1;, 1s the periosteal radius and r. is the endocortical radius) (Charles H Turner,
2006). Therefore, an 8% increase in periosteal radius and a 35% increase in endocortical
radius will increase the moment of inertia by 17% and thus increase whole bone strength,

even though the total cross-sectional area decreases by 12%, shown in figure 7.

Resistance to Bending

A=100% A
| = 1000/0 |

Figure 7: Resistance to bending. In this figure, the bone on the right shows a modest increase in
periosteal radius by 8% and an increase of 35% in the endocortical radius. Although the cross-
sectional area of the cortex (A) decreased by 12%, the moment of inertia increased by 17%
(Charles H Turner, 2006).

88%
117%
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Taller individuals have been found to have the same net amount of bone as a smaller

individuals but the bone was distributed as a thinner cortex, further from the axis of
bending to increase moment of inertia while maintaining a similar weight as a smaller
bone (Zebaze, Jones, Knackstedt, Maalouf, & Seeman, 2007). These findings illustrate
the effect of geometry on moment of inertia and bone strength. Reductions in trabecular
density also have an effect on bone strength. Reductions in trabecular density with aging
in both men and women result in loses of about 50% of the compressive strength in the
proximal femur (Silva, 2007).
BONE STRENGTH MEASUREMENTS

Whole bone strength measurements include an evaluation of material and
geometrical properties. Direct biomechanical testing of bone is the most accurate
measurement of mechanical integrity (C H Turner & Burr, 1993). Bending tests are most
often used to evaluate mechanical properties of bone because of the structure of the bone
having a high bone length to width ratio, thus reducing effects of shear loading when
mechanically testing (Schriefer et al., 2005). Mechanical testing provides a comparison

of load versus deformation for each bone, pictured in figure 8 below.
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Figure 8: Load-deformation curve. A typical load deformation curve acquired from a three-point
bending mechanical test of a rat femur (original figure). Peak load (N) is defined as the maximal
load value reached while failure load (N) is the load at which fracture occurs. Stiffness (Nmm?)
is the slope of the initial linear portion of the curve.

Although three-point bending is the accepted test for mechanically analyzing
rodent bones, this testing method does create high shear stresses at the mid-shaft of the
bone. Therefore, by maximizing the span length of the testing set-up, as shown in figure
9 below, it can be guaranteed 85-90% of the deformation in the bone is due to bending (C
H Turner & Burr, 1993). Loads are converted to moments to allow a comparison
between ages and different span lengths of testing. The equation for conversion is M =
FL/4 where M is moment, F is the load achieved during testing, and L is the span length
used. Also, displacement is normalized for each bone using the equation d” = d/(L*/12)
where d’ is normalized displacement and d is displacement measured during testing

(Cowin, 2001).
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Three-point
Loading

Figure 9: Three-point loading. Typical three-point bending test set-up, adapted from (C H
Turner & Burr, 1993) where L is the span length.

Three-point bending mechanical testing only provides an analysis of cortical bone
strength; therefore further analysis is needed to evaluate cortical bone geometry and
trabecular arrangement.

MICRO-COMPUTED TOMOGRAPHY MEASUREMENTS

Micro-computed tomography (LCT) imaging has been growing in popularity and
is becoming the gold standard to assess trabecular and cortical bone morphology
(Bouxsein et al., 2010). An advantage of using uCT analysis is the direct 3D
measurement of trabecular and cortical morphology. Therefore, a volume of bone can be
analyzed as compared to 2D histomorphometric methods that evaluate one slice of bone
(Bouxsein et al., 2010). Trabecular parameters include trabecular number, thickness,
separation and anisotropy, while cortical parameters include an evaluation of total area,

cortical area, endocortical area and polar moment of inertia.
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ESTROGEN AND BONE STRENGTH

In general, it is known that estrogen works to conserve bone mass at the organ
level and suppress resorption at the tissue level (Riggs et al., 2002; Q. Wang et al., 2006).
Conservation of bone mass is achieved through decreased osteoclast numbers and
activity. Estrogen maintains endocortical bone (Q. Wang et al., 2006) and preserves
trabecular volume (Chow, Tobias, Colston, & Chambers, 1992). Therefore, a deficit in
bioavailable estrogen could lead to increased bone turnover observed through increased
periosteal modeling and endosteal resorption (Riggs et al., 2002). Low estrogen could
also lead to a remodeling imbalance from increased osteoclast and osteoblast activity and
ultimately bone loss (Hughes et al., 1996). Specifically, this increased turnover is
observed on the endocortical surface, leading to decreased cortical thickness, and also
observed in the trabecular through decreased trabecular volume (Riggs et al., 2002).

There are two animal models of low estrogen to observe bone morphology;
ovariectomy (OVX) or hypothalamic suppression through gonadotropin releasing
hormone antagonist (GnRH-a) injections. OVX surgery removes ovarian tissue from the
animal, effectively ceasing the secretion of estrogen. This model has been shown
effective in inducing bone loss observed in reduced trabecular volume and endocortical
resorption due to ovarian hormone deficiency, mimicking the effect on women post-
menopause (Kalu, 1991). These geometrical changes are observed in a reduction in
overall bone strength measured through reduced maximal load (Ke, Foley, Simmons,
Shen, & Thompson, 2004; Peng, Tuukkanen, Zhang, Jamsa, & Vaananen, 1994).
GnRH-a injections have shown to inhibit puberty in female rats through hypothalamic

suppression resulting in decreased estrogen levels. The GnRH-a model has been used to
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mimic primary (delayed puberty) and secondary (cessation of menstruation)

amenorrhea (V. Yingling et al., 2009). The GnRH-a model pre-puberty resulted in a
decrease in femoral peak moment (Vanessa R Yingling & Khaneja, 2006; Vanessa R
Yingling & Taylor, 2008). Both a decrease in amount and distribution of bone, through
either a decrease in cortical width or decreased percent cortical area per total area were
observed through histomorphometry (Vanessa R Yingling & Khaneja, 2006; Vanessa R
Yingling & Taylor, 2008). Furthermore, a delay in puberty decreased trabecular number
and separation as observed in the proximal tibia (Vanessa R Yingling et al., 2007). An
analysis of bone marrow derived stromal cells showed a decrease in osteoblast
proliferation following GnRH-a injections (R. N. Joshi et al., 2011). Reduced trabecular
volume and cortical thinning explain the reduction of whole bone strength.

The timing of the treatment (pre versus post pubertal onset) may be a factor in
peak bone mass accrual. Specifically, when this model is used pre-puberty in female rats,
the decrease in peak moment and decreased cortical area is more dramatic than
differences observed in a post-puberty model (V. Yingling et al., 2009).

LOW ENERGY AVAILABILITY AND BONE STRENGTH

Body weight has been shown to be a predictor of bone mass due to the constant
weight bearing load on the skeleton (Felson, Zhang, Hannan, & Anderson, 1993; Lane et
al., 2001). Animals undergoing an energy restriction of 30% showed no reduction in
cortical peak moment when normalized for body weight and displayed a correlation of
body weight with subperiosteal total area (R. N. Joshi et al., 2011). Also, a sparing or
increase of trabecular bone volume in the vertebral spine has been found in moderate

energy restricted rats (Hamrick et al., 2008; R. N. Joshi et al., 2011). This maintenance
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of trabecular volume could be a protective mechanism to maintain calcium availability

during a stress of caloric restriction. Men and women practicing a 35% caloric restriction
displayed the same correlation of body weight with bone quantity and had no evidence of
increased bone turnover as measured through bone serum markers (Villareal et al., 2011).

When moderate restriction is combined with a calcium deficient diet in female
rats, a reduction in bone mineral density and increase in bone serum markers of bone
turnover are observed (Talbott, Rothkopf, & Shapses, 1998). Therefore, along with
energy restriction, dietary composition has been shown to have different physiological
effects on bone (Agus, Swain, Larson, Eckert, & Ludwig, 2000).

Energy restrictions of 40-45% in rat models have shown a decrease in bone mass
(Berezovs’kyi & Chaka, 2010), cortical area, and biomechanical absolute fracture
strength, with an increase in endocortical resorption and little periosteal formation to
compensate (Ferguson et al., 1999). Energy restrictions of this magnitude have also lead
to a decrease in estrogen activity measured through decreased uterine weight or decreased
serum estradiol levels (Hawkins et al., 2010). Lower bone mineral densities and
biomechanical properties were observed in the energy restricted, estrogen deficient rats.
(Talbott et al., 2001). However, these reductions in biomechanical properties were not
normalized to body weight, so weight loss could be a contributing factor to bone loss.
CONCLUSION

The low estrogen models of OVX and hypothalamic suppression are accepted
models investigating the effects of hypoestrogenism on bone. In addition, energy
restricted animal models mimic the same percentage of decrease in bone mineral density

observed in humans undergoing weight loss through caloric restriction (S. a Shapses &
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Riedt, 2006). However, it is unclear if caloric restriction without a calcium deficit is

adverse to whole bone mechanics. Physically active women often present with both low
estrogen and energy deficient diets (Aurelia Nattiv et al., 2007). Therefore, investigating
the effect of both factors (low estrogen and caloric restriction) on bone metabolism,

density, and strength is warranted.
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