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Chapter 4

Abstract

Background: Aromatase inhibition has been proposed as a potential approach for growth
enhancement in children with short stature, but detailed animal studies are lacking.

Aim: to assess the effect and potential adverse effects of aromatase inhibition on growth in
female rats.

Methods: Prepubertal Wistar rats received intramuscular injections with placebo (PLC) or the
aromatase inhibitor exemestane at a dose of 10, 30 or 100 mg/kg/week (E10, E30, E100) for 3
weeks. A control group was ovariectomized (OVX). Weight and length gain, tibia and femur
length, growth plate width, organ weights, insulin-like growth factor I (IGF-I) levels, and
histology of the ovaries, uterus, and brain were analyzed. X-ray microtomography of femora
was performed.

Results: E100 significantly increased weight gain and growth plate width, but less prominently
than OVX. Trabecular number and thickness were decreased in E100 and OVX in the
metaphysis and epiphysis. E100 significantly decreased ovarian weight and multiple cysts were
seen upon histological evaluation. No significant effects were found on IGF-I levels and brain
morphology in E100. E10 and E30 had no effects on growth.

Conclusion: a high dose of exemestane marginally increases axial and appendicular growth in

female rats, at the expense of osteopenia and polycystic ovaries.
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Aromatase inhibition in female rats

Introduction

Estrogens play a pivotal role in the regulation of normal skeletal growth and maturation in both
boys and girls (1-5). In both genders, estrogen deficiency due to mutations in the aromatase
gene (6) leads to the absence of a pubertal growth spurt, ongoing growth into adulthood and
potentially tall stature. Based on these clinical observations, it was postulated that estrogen
deficiency induced by aromatase inhibition, could be valuable in clinical practice because of its
potential growth-enhancing effect (7;8).

Treatment with the nonsteroidal aromatase inhibitor letrozole resulted in an increased predicted
adult height in boys with idiopathic short stature (ISS) (9;10) in two clinical trials performed by
the group of Dunkel et al. In one of those trials, treatment with a combination of letrozole and
testosterone increased near-final height in boys with a constitutional delay of puberty (11).
There is limited experience with the use of aromatase inhibitors in female patients with short
stature, since therapy-induced hyperandrogenism and consequent virilization may be expected,
as observed in female aromatase-deficient patients. However, it is uncertain whether treatment
with aromatase inhibition limited to the prepubertal period, with the objective to increase
longitudinal growth and adult height, would cause persistent virilization and disturbance of
reproductive function after cessation of treatment.

In girls with McCune-Albright syndrome (MAS) (12;13) or congenital adrenal hyperplasia (CAH)
(14), treatment with the aromatase inhibitor testolactone or letrozole resulted in attenuated
height velocity and bone maturation rates, resulting in a poor adult height prediction. These
results are in conflict with the potentially growth-enhancing effect of aromatase inhibition in
boys with ISS, but may also be the reflection of the complex endocrine deregulation in MAS
and CAH patients. The reported clinical trials in girls were uncontrolled, and usually did not
include an evaluation of bone mineral density (8).

The broad tissue distribution of aromatase expression in humans underscores the importance of
locally produced estrogens (15). Therefore, aromatase inhibition for the purpose of growth
enhancement may have side effects on several organ systems. Aromatase-deficient females are
diagnosed with 46,XX DSD (disorder of sex development) at birth and show progressive bone
age delay, eunuchoid proportions, and reproductive dysfunction based on primary amenorrhea
and enlarged, polycystic ovaries in adolescence (6). Bone mineral density has not been studied
in these patients, but one could hypothesize that they would develop osteoporosis, as it occurs
in adult men with congenital estrogen deficiency (2). Treatment of adolescents girls with a
gonadotropin releasing hormone agonist (GnRHa), an alternative way to diminish circulating
estrogen levels, indeed resulted in a decreased bone mineral density (16). Moreover, aromatase

expression plays an important role in the brain under both physiological and pathological
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conditions (17). Aromatase inhibition may also have an impact on the brain, since aromatase
expression was found to have a neuroprotective role both under physiological and pathological
conditions (17).

In the present article, we report the results of a study in which female sexually immature rats
were treated with the steroidal, irreversible aromatase inhibitor exemestane (E) in a slow-release
preparation in order to test the hypothesis that aromatase inhibitors can increase longitudinal
growth and to evaluate potential side-effects. Treatment was short-term and confined to the
period of sexual immaturity in order to mimic the potential treatment strategy in girls with ISS.
We chose to work with exemestane in our experiments, because it can be administered once a
week as a slow release preparation to ensure long-lasting aromatase inhibition, in contrast to
the other available aromatase inhibitors that have to be administered daily. This facilitates its
use in experimental animal models, and it presumably would also increase compliance in clinical
practice. A second advantage of exemestane over the other aromatase inhibitors is that it
irreversibly inactivates aromatase and completely abolishes estrogen biosynthesis, which can
only be overcome by de novo synthesis of aromatase. We applied a slow release depot of
exemestane to continuously counteract de novo synthesis of aromatase. Finally, exemestane
may exhibit androgenic effects on bone, potentially preventing the loss of bone mineral density
(BMD) induced by estrogen deficiency (18), which may be an advantage when treatment with
aromatase inhibitors is considered in clinical practice.

In addition to the effects of aromatase inhibition on growth, we also studied possible adverse
effects of aromatase inhibition on bone physiology, brain morphology, and morphology of the
ovaries and uterus. This study is the first detailed analysis of the impact on growth and potential

side effects of aromatase inhibition in a female animal model.

Experimental design

Animals

Weight-matched female Wistar rats (n=30) were purchased from Harlan (Horst, The
Netherlands). At the start of the experiments, all rats were 26 days old, and sexually immature,
since rats usually enter sexual maturation at the age of 30 days. Animals were kept in a light
and temperature controlled room (12 hours light, 20-22°C) with water and food (Hope Farms,
Woerden, The Netherlands) ad libitum and a maximum of 3 animals per cage. Experiments
were approved by the Committee for the ethical care and use of laboratory animals of the

Leiden University.
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Aromatase inhibition in female rats

Five groups consisting of 6 rats were formed. One group was ovariectomized at baseline by the
dorsal approach under isoflurane anaesthesia in order to obtain an estrogen-deficient control
group (OVX). In previous experiments, no difference in growth phenotype was found between
sham-operated and placebo-treated control-group rats (19). Therefore, no sham-group was
included in this study. Three groups were treated with the slow-release preparation exemestane
(Aromasin® provided by Pfizer, New York, U.S.A) at a dose of 10, 30 or 100 mg/kg body
weight/week (coded as E10, E30, E100, respectively). Exemestane was administered by
intramuscular injections in alternated hind paws. A control group was treated with vehicle
(placebo, PLC). After three weeks of treatment, all rats were sacrificed.

Weekly measurements of nose-anus length, tail length and body weight were performed. At
the end of the experimental period, animals were anaesthetized by intraperitoneal Nembutal
injection and blood samples were collected by means of cardiac puncture. Serum was separated
for insulin-like growth factor | (IGF-I) measurements. Femora were collected for X-ray
microtomography (micro-CT). Subsequent in vivo fixation was performed by means of
transcardiac perfusion with 4% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M
phosphate buffer supplemented with 75 mM lysine monohydrochloride and 10 mM Na-
periodate. After fixation, the rats were decapitated, and the brains were stored in the same
fixative for at least 12 weeks. Tibiae of the right hind legs were measured, postfixated for 24
hours, decalcified in 12.5 % EDTA, pH 7.4 for 4 weeks, cut in halves in a sagittal orientation
and subsequently processed for paraffin embedding. Ovaries and uterus were weighed and
processed for paraffin embedding. The organ weight/total body weight (TBW) ratio was

calculated.
Growth plate histomorphometry

For histomorphometrical analysis of the growth plate, paraffin sections (5 ym) perpendicular to
the growth plate axis were mounted on APES/glutaraldehyde-coated slides, and deparaffinized
in Paraclear® and graded ethanols. They were stained with Haematoxylin/Eosin (H&E) and
mounted in Histomount (National Diagnostics, Atlanta, USA). Representative pictures of the
proximal tibial growth plate were taken (Nikon DXM 1200 digital camera). Widths of the total
growth plate, proliferative zone and hypertrophic zone were measured in ImagePro Plus®. The

ratio between proliferative and hypertrophic zone widths (P/H ratio) was calculated.
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X-ray microtomography (micro-CT)

To examine the effects of exemestane treatment on whole bone parameters and on trabecular
bone in particular, right femora were analyzed by high resolution X-ray microtomography.
Micro-CT has been shown to be well suited for the non-destructive visualization and

quantitative analysis of bone and calcified tissue (20;21).

a. ‘Whole bone’ parameters

Isolated whole femora were scanned with a high resolution desktop micro-CT scanner (Skyscan
1076, Kontich, Belgium). In this X-ray micro-CT system, both the X-ray source (focal spot size 5
um, energy range 20-100 keV) and the detector (CCD camera 2.3kx4k) rotate around the
bone. Scans were isotropic and a voxel size of 35x35x35 ym was chosen with 1.0 mm A1
filter. Virtual cross-sections were reconstructed by Feldkamp cone-beam algorithm (22). Further
technical details about the scanner have been published elsewhere (23).

The same threshold and reconstruction parameters were used for the reconstruction of all
cross-sections. Frequency distribution of the grey levels was analyzed. 3D models were created
using Skyscan software packages ANT and CT Analyzer. From the virtual cross-sections the
volumes taken by bone as well as the anatomical volume (Archimedean volume) were
calculated. Distinction between bone and other tissues was based on thresholding of the grey
values in the reconstruction. Analysis of the grey values in the individual slices also resulted in a
relative value for total calcium and overall calcium density. Details of these calculations have
been reported previously (20). In addition, the length of the femora was measured manually

with a caliper.

b. Trabecular bone

For analysis of the trabecular bone, the distal end of the femur was scanned, but for this
purpose at a higher resolution than required for the ‘whole bone’ scans. Therefore, an in vitro
desktop micro-CT system (Skyscan 1072, Kontich, Belgium) with a rotating stage was used (24).
Polychromatic X-rays, with peak energy of 80 kV, were generated by a microfocus X-ray source
with a focal spot size of 8 microns. A (1024x1024) 12 bit CCD camera was used as detector. In
all experiments the rotation step was 0.9°, acquisition time 6 sec/projection, and total
acquisition time about 2 hours. Scanning was isotropic with a voxel size of 13 um’.

The growth plate was chosen as a reference for selecting comparable and reproducible regions
of interest for analysis of trabecular bone parameters such as trabecular number, trabecular
thickness, bone volume and distribution of trabecular thickness. Trabecular bone parameters

were studied in two different regions of the femur: the metaphysis (primary ossification center)
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and the epiphysis (secondary ossification center). For analysis of the primary ossification center
at the proximal side of the growth plate, a transverse reference slice of the growth plate was
selected and used to reconstruct a cylinder with fixed dimensions as from 50 slices above the

reference slice; the height of the cylinder was 150 slices.

Gonadal histology

Midsagittal sections of the ovaries (5 ym) were stained with Haematoxylin and Eosin (H&E). A
minimum of three sections was analyzed per ovary. In H&E stained longitudinal sections (5 pm)
of the uterus, endometrial thickness was measured using ImagePro Plus® and the

endometrium/total wall thickness ratio (E/T-ratio) was calculated.

Brain histology

Brains were removed from the skulls, rinsed with PBS and cut in coronal sections (30 pm) in a
Vibratome. Sections were Nissl-stained with toluidine blue for screening morphometrical
analysis of all brain areas. Immunohistochemical staining of astrocytes (anti-GFAP, Glial Fibrillary
Acidic Protein, DAKO, Barcelona, Spain; diluted 1:1000), microglia (OX-42, Serotec, Bicister,
United Kingdom; diluted 1:300) and reactive astrocytes (anti-vimentin, clone V9, DAKO,
Barcelona, Spain; diluted 1:500) was performed. For the morphometric analysis of GFAP
immunoreactive astroglia, a quantitative evaluation of the surface density of GFAP
immunoreactive cell bodies and cell processes in the hippocampus was performed using a
stereological grid, according to the point-counting method of Weibel (25). For each animal, a

minimum of two slides was evaluated.
Insulin-like Growth Factor | (IGF-I) assay
Total serum IGF-I levels were measured by specific radioimmunoassay (RIA) after acid Sep-Pak

C18 (Waters Associates Ltd., Milford, MA) extraction of 250 ul aliquots, following procedures
as described previously (26).
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Statistical analysis

The study was designed to analyze the effect of aromatase inhibition on growth and to analyze
potential adverse effects on bone, brain and organ development. Comparisons of growth
among treatment and control groups were made using one-way analysis of variance (ANOVA).

Results are expressed as mean and SD. The significance level was set at 0.05.

Results

Effects on growth and organs

At baseline, there were no significant differences between groups in auxological parameters.
Body weight gain, nose-anus length gain and tail length gain, tibia length, growth plate
characteristics, and IGF-I levels are summarized in table 1. The effects of aromatase inhibition
on organ weights are summarized in table 2. Figure 1 illustrates nose-anus length gain in OVX,
PLC and E100. Figure 2 shows growth plate samples from these groups. Results in the E10 and
E30 groups were not significantly different from the placebo-group and are therefore not
presented.

Body weight gain was significantly increased in both E100 and OVX (p=0.000 and p=0.001,
respectively) compared with PLC. Nose-anus length gain was significantly higher (p=0.000) in
OVX compared with PLC. Figure 1 illustrates that the increased length gain in OVX was already
prominent one week after ovariectomy. A less pronounced increasing nose-anus length gain
with a trend towards statistical significance (p=0.054) was seen in the E100 group. The
difference in nose-anus length gain between OVX and E100 was statistically significant
(p=0.021). When compared to the rats that received placebo-treatment, for both E100 and
OVX no effect on tail length gain was found. Total growth plate width in the E100 group was
increased (p=0.000), based on equal thickening of both the proliferative and hypertrophic
zones compared with PLC. The P/H ratio was not significantly different from controls. Similar
effects were found in OVX. The serum IGF-I level was raised in OVX (p=0.000), but not
significantly in E100, compared to PLC.

In the OVX group, a significant decrease of 15% of the liver/TBW ratio was found (p=0.042).
The increased thymus/TBW ratio found in OVX (p=0.000), was not seen in the E100 group.
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Table 1: Effect of aromatase inhibition on growth parameters and epiphyseal morphology

Parameter PLC E100 oVvX

Tail length gain (cm) 7.2(0.7) 7.3(0.4) 7.9(0.5)

Nose-anus length gain (cm) 5.0 (0.7) 5.7 (0.8)"" 6.5(0.4)"

Body weight gain (g) 96.7 (10.2) 1206 (7.3)" 115.0(7.6)"

Tibia length (mm) 30.7 (0.4) 31.20.7)"" 31.7(0.3)"

Femur length (mm) 26.6 (0.4) 27.6 (0.4) 27.0(0.2)

Growth plate width (mm) 0.34(0.02) 0.42 (0.02)" 0.44 (0.02)"
proliferative zone (mm) 0.14(0.01) 0.18 (0.01)" 0.18 (0.01)"
hypertrophic zone (mm) 0.20(0.02) 0.24(0.02)° 0.26 (0.02)"
P/H-ratio 0.70 (0.05) 0.77 (0.1)° 0.67 (0.05)

Serum IGF-I (ng/ml) 0.9 (0.04) 1.1(0.16)" 1.4(0.25)

Means (SD). E100 or OVX versus PLC: p<0.05; p<0.01;  p<0.001; *p<0.1.

E100 versus OVX: "p<0.05; *p<0.1.

Table 2. Effect of aromatase inhibition on organ weights

Parameter PLC E100 oVvX

liver 70.9 (10.8) 70.3 (6.3)° 59.7 (11.1)°

thymus 2.9(0.4) 3.3(0.5)" 4.0(0.5)"

kidney 5.5(0.3) 5.8 (1.1)° 5.1 (0.6)

adrenal gland 0.23(0.04) 0.19 (0.05)" 0.23(0.03)

ovary 0.2 (0.03) 0.1(0.02)""

uterus 2.6(0.8) 2.1(0.9™ 0.2 (0.04)"
endometrium thickness (m) 0.43(0.10) 0.31(0.10)" 0.14(0.05)"
total wall thickness (m) 0.75 (0.06) 0.57(0.12)" " 0.26 (0.09)"
E/T-ratio 0.57 (0.11) 0.54 (0.11) 0.57 (0.09)

Organ weights as permillage of total body weight. Means (SD). E/T-ratio, ratio between endometrium
thickness and thickness of the total uterus wall.

E100 or OVX versus PLC: 'p<0.05; 'p<0.01; "~
E100 versus OVX: "p<0.05; ""p<0.01; ™

p<0.001;
p<0.001; *

p<0.1.
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Figure 1

Changes in nose-anus length gain in PLC, E100 and OVX during the experimental period.
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Figure 2

Growth plate samples from PLC, E100 and OVX. Notice the increase in total growth plate width in E100
and OVX.
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Effects on bone

a. ‘Whole bone’ parameters

Femur length was significantly increased in E100, but not in OVX, whereas tibia length was
significantly higher in OVX only. Observed changes between groups in calcium density, total
calcium, bone volume and anatomical volume did not reach statistical significance (table 3).

b. Trabecular bone analysis

As illustrated in table 4, a clear reduction of trabecular number and trabecular thickness was
apparent in both the epiphysis and the metaphysis of OVX and E100 as compared to PLC
(p<0.05). Figure 3A shows the trabecular volume distribution of trabeculae with a given
thickness, corrected for the bone volume that was studied in the epiphysis. Notice that the
percentage of thin trabeculae (<5.0 pixels) was increased whereas the percentage of thick
trabeculae (>5.0 pixels) was decreased in OVX and E100. A similar, but more pronounced effect
on the distribution of trabecular thickness was observed in the metaphysis or primary
ossification center (fig. 3B). As expected, the trabeculae in the metaphysis were thinner than in

the epiphysis.

Effect on ovaries and uterus

E100 caused a statistically significant decrease of 50% of the ovary/TBW ratio (p=0.000). No
statistically significant difference in the uterus/TBW-ratio was found, but the ratio was
significantly decreased in OVX with 92% (p=0.000). Both endometrial thickness and the total
thickness of the uterus wall were significantly decreased in E100 and OVX, resulting in normal
endometrium thickness/total wall thickness ratios compared with PLC.

Ovaries from placebo-treated controls contained follicles in various stages of development
(fig.4A), including secondary follicles, mature Graafian follicles and corpora lutea, the latter
confirming the occurrence of ovulation. Similar histological characteristics were seen in the
ovaries of E10- and E30-treated rats (data not shown). The ovaries from the E100-treated group
also showed different developmental stages of the follicle, but corpora lutea were absent

and there were less mature follicles, demonstrating the absence of ovulation (fig. 4B). Instead,
large cystic follicles, surrounded by a thin granulosa cell layer or no granulosa at all, were

abundantly present.
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Table 3. Whole bone parameters

Parameter PLC E100 oVvX

Va: anatomical volume (mm?) 277.8 (8.3) 287.3(7.4) 279.2 (14.5)
Vb: bone volume (mm?) 95.5 (4.4) 97.1(5.1) 90.8(5.1)
Vb/Na-ratio (%) 34 34 33

Total calcium 1.00 0.97 0.85
Calcium density 1.00 0.89 0.85

Means (SD). PLC was taken as a reference for calculating relative total calcium and relative calcium density.

Table 4. Trabecular bone analysis

Parameter PLC E100 ovX
Epiphysis
Trabecular bone volume mm3 256 (1.4) 224016)" 202 (1.8)
Trabecular thickness pm 143.1 (1.0) 139.4 (2.3) 139.6 (3.2)"
Trabecular number 1/mm 1.8(0.0) 1.6(0.2)" 1.4(0.1)
Metaphysis
Trabecular bone volume mm3 2.5(0.4) 1.9(0.3) 1.8(0.3)
Trabecular thickness pm 85.1(3.3) 75.9 (2.9) 78.5(3.1)
Trabecular number 1/mm  3.6(0.5) 3.0(0.3) 2.9(0.4)

Trabecular bone volume is the volume taken by trabecular bone in the selected region of interest.
Means (SD); 'p<0.05 as compared to PLC; "p<0.05 E100 versus OVX.
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Figure 3

(A) Normalized trabecular volume distribution in the secondary ossification center (epiphysis). Only the
volume taken by bone tissue in the epiphysis is taken into account. Notice the increase of trabeculae <5.0
pixels (pixel size = 27.64 pm). (B) Normalized trabecular volume distribution in the primary ossification
center (metaphysis). Only the volume taken by bone tissue in the selected cylinder is taken into account.
Notice the increase of trabeculae <5.0 pixels (pixel size = 13.82 ym). *p <0.05.
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Figure 4

Ovaries of PLC (A) and E100 (B); GF, mature Graafian follicle; CL, corpus luteum; C, cyst; OD, ovarian duct.
Magnification 40x. Notice the presence of cysts and the absence of corpora lutea in E100.

Brain histology

Histological examination of the brain was performed on slides of the hilus of the hippocampus
area on E100 and placebo-treated animals to assess for possible neurodegenerative effects of
the treatments. Since neurodegeneration is associated with gliosis, immunohistochemical
staining for several glial markers was performed. There was no statistically significant difference
in the surface area of GFAP immunoreactive astrocytes between groups. No reactive astrocytes
or reactive microglia were detected after vimentin and OX-42 immunostaining, respectively. In

addition, there was no qualitative evidence of neuronal loss or degeneration (data not shown).
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Discussion

The aims of this study were to investigate the effect of aromatase inhibition on growth
parameters and to study potential side-effects of this treatment on organ weight development,
bone, and brain morphology in sexually immature female rats. The main conclusion from this
study is that the currently highest available dose of exemestane (100 mg/kg/week) partially
inhibits aromatase activity, which causes only a marginal stimulation of length gain and
appendicular growth, but also results in the appearance of multiple ovarian cysts and changes
in bone architecture consistent with early stage osteopenia.

All the currently available animal models for studying longitudinal growth are in some way
flawed since they do not fully represent the hallmarks of human growth, such as an obvious
growth spurt at the beginning and epiphyseal fusion with growth arrest at the end of puberty.
These processes are both mediated by the exclusive action of estrogen, as illustrated by the
clinical phenotype of estrogen resistant or deficient patients (6). Although rodents do not clearly
demonstrate these maturational phenomena, growth diminishes after sexual maturation with
growth rates approximating zero. Rats tend to respond in a similar fashion as humans to
estrogen, with estrogen deficiency stimulating growth and estrogen treatment causing growth
arrest (27). In contrast, estrogen receptor (o/p/ap) and aromatase knockout mice show a
normal adult length (28-32), indicating that hormonal regulation of growth in mice is distinctly
different than in humans and rats. We therefore feel that the rat is the most appropriate of the
available animal models for in vivo studies on the impact of chemically induced aromatase
deficiency.

To correlate the effects seen in our study to the degree of aromatase inhibition, it would have
been valuable to assess serum levels of estradiol, testosterone, dihydrotestosterone (DHT), and
exemestane. However, accurate methods for measurement of estradiol in rat serum are lacking
(33). Available estradiol assays that are developed for analyzing human serum samples, are
insufficiently sensitive for quantification of low estradiol levels (34). Treatment with exemestane
even further complicates estradiol detection due to the fact that metabolites of the compound
interfere with the available assays for measurement of gonadal steroids (35). To our knowledge,
there is currently no laboratory experienced with estradiol serological measurements in
exemestane-treated rats.

Alternatively, we used the ovary, a highly estrogen-dependent organ, as a biological readout
system for the effect of exemestane. The observed ovarian phenotype characterized by the
absence of corpora lutea and the presence of multiple cysts is similar to the ovarian phenotypes
of the aromatase knockout mouse (ArKO) (36) and female estrogen receptor alpha and beta

knockout mice («ERKO and BERKO) (28). Moreover, aromatase deficient female patients also
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have reproductive dysfunction based on primary amenorrhea and enlarged, polycystic ovaries in
adolescence (6). The observed changes in ovarian morphology convincingly demonstrate that a
reduction in estradiol levels was achieved by the administration of exemestane in our model
system.

Hyperandrogenism is likely to occur during treatment with aromatase inhibitors and may
eventually lead to virilization, as reported in female patients with aromatase deficiency. In our
study, exemestane treatment was applied short-term and was not expected to cause signs of
hyperandrogenism. However, when considering a longer treatment period covering the period
of sexual maturity, possible signs of virilization, such as masculine sexual behavior and
disturbance of reproductive function, should be monitored during and after termination of
treatment

The growth phenotype of E100-treated female rats shows similarities with other described
animal models for estrogen deficiency. An increased body weight gain was also observed in
female «ERKO and «BERKO mice, and female ArKO mice (29-31;37), corresponding with an
increased deposition of intra-abdominal adipose tissue, high leptin and cholesterol levels, and
hyperinsulinism (38). An elevated body mass index has not been described in female patients
with aromatase deficiency, but this is probably due to the fact that they have received estrogen
treatment. In the present study, fat deposition, food intake and energy expenditure were not
measured.

Nose-anus length gain in E100-treated rats was normal, but showed a trend towards a
significant increase compared with non-treated controls. In female «ERKO, BERKO, aBERKO
and ArKO mice, adult length was found to be normal compared to wild-type mice (28-32).
However, the RERKO mouse but has a tendency to slightly increased growth during the post-
pubertal phase (31), whereas female ArKO mice show an increased length gain peripubertally
(29;30). E100 treatment resulted in a marginal increase of the length of the tibia (not
significant). Surprisingly, femur length was found to be significantly higher in E100 compared
with PLC, in the absence of a similar and more pronounced effect after OVX. All other
parameters were more dramatically influenced by OVX than by E100, and we have no
explanation for the contrasting effects of OVX and E100 on femur length. However, our
knowledge of the timing and regulation of growth in various bones is limited, and has not been
studied in detail. Regional differences may exist, and aromatase inhibition may therefore result
in various degrees of growth stimulation in different bones.

Increased appendicular growth was found in BERKO mice (31). In contrast, the other knockout
mouse models either have normal or decreased growth of the femur and/or tibia (29-31). One
must bear in mind that in our study exemestane was administered during a short timeframe,

whereas inborn genetic mutations in knockout mice and human patients with estrogen
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deficiency or resistance can influence growth during all stages of life, which may explain the
differences in growth characteristics.

The OVX group was included as a control group, to be able to compare the results of
exemestane-induced and ovariectomy-induced estrogen deficiency. Ideally, there would be a
complete absence of circulating estrogen in both E100 and OVX. However, the differences in
several parameters between the groups suggest that E100 did not completely abrogate
estrogen biosynthesis. OVX induced increased levels of IGF-I, as reported before in
ovariectomized rats and mice in other studies (39;40). A raised IGF-I level was also found after
E100-treatment, but this effect did not reach statistical significance. Estrogen normally causes
thymus atrophy (41), which in our experiments was strongly prevented by OVX and to a lesser
extent by E100 (not significant). Similarly, a reduced weight of the liver was found in OVX
females, whereas no reduced liver weight was found in E100. Circulating high levels of
androgen may have had protective effects on these tissues, either by direct effects on target
organs or maybe in part by aromatization to estrogen by residual aromatase activity. Since the
gonads are the only organs capable of synthesizing androgen precursors in the rat, ovariectomy
results in a combined estrogen and androgen deficiency, ruling out protective effects by
circulating androgen in the OVX group.

E100 treatment had a similar, but less prominent effect on growth than OVX. The increase in
nose-anus length gain in E100 was delayed compared with OVX, suggesting that at least one
week is necessary to establish a steady-state plasma level of exemestane that is able to
influence growth. The growth plate and the long bones of the appendicular skeleton seemed
most sensitive to aromatase inhibition, resulting in effects similar to those seen after OVX. Axial
skeletal growth was less stimulated by E100, compared with OVX. Differences in sensitivity for
aromatase inhibition may reflect variability in local estrogen biosynthesis in various tissues
resulting in different levels of aromatase inhibition. Second, some organs may be more
accessible for exemestane penetration than others. Another possible explanation for the modest
effect of E100 on longitudinal growth may be that the dosage was too low to achieve complete
inhibition of aromatase activity at the systemic level or at the tissue level. However, preclinical
studies have shown that a single subcutaneous dose of 30 mg/kg exemestane reduced ovarian
aromatase activity in adult female rats with approximately 80% (E. di Salle, unpublished results).
The absence of significant growth effects in E10 and E30 was presumably due to sub-
pharmacological serum levels of exemestane.

Studies in mature, female rats have demonstrated that the steroidal aromatase inhibitor
exemestane and its principal metabolite 17-hydroxyexemestane significantly prevent bone loss
induced by OVX, based on androgenic actions of these compounds on bone. In contrast, the

non-steroidal aromatase inhibitor letrozole, that has no structural relationship to androgens,
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does not have such protective effects on bone in mature female rats (18;42). Analysis of the
trabecular bone in both the epiphysis and metaphysis demonstrated a significant reduction in
the number and thickness of trabeculae in E100 and OVX, associated with a non-significantly
decreased calcium density in both groups. Loss of bone tissue is a sign of osteopenia, generally
considered as the stadium preceding osteoporosis. Similarly, ArKO mice were found to have a
decreased peak BMD, prominent osteopenia on plain film radiographs and decreased trabecular
volume and thickness (29;30). A low BMD was also found in BERKO and oERKO mice (31).

In our study, the bone phenotypes of E100 and OVX were very similar. This suggests that there
is no apparent bone-protecting androgenic effect of exemestane and its principal metabolite
17-hydroxyexemestane in prepubertal rats treated for 3 weeks, in contrast to what was
reported previously about mature rats treated for a period of 16 weeks (18;42). Exemestane
was reported to have a very low binding affinity (0.22%) for the androgen receptor in vitro and
a marginal androgenic activity (only 1% of that of testosterone propionate) in vivo in male
castrated rats. Since androgen receptor expression is lower in the tibial epiphysis and
metaphyseal bone in female rats compared to males, we expect the androgenic potency of
exemestane in our model system to be even lower than 1% which makes pronounced
androgenic effects of exemestane on growth unlikely. In line with this hypothesis is the fact that
no protective androgenic effect of exemestane on bone quality was observed. The discrepancy
between our study and the report by Goss et al. may be explained by the fact that during bone
modeling that occurs in immature rats different regulatory pathways involving androgen
signaling may play a role than during maintenance of bone quality in mature rats.

It is not clear whether the osteoporotic changes observed would lead to a permanently worse
bone quality. As the growing skeleton is in a constant process of bone modeling, it remains to
be seen whether osteoporotic changes induced in this period would render the mature skeleton
more vulnerable to osteoporotic fractures. Patients with P-450 aromatase deficiency or estrogen
receptor mutation have a low bone mass, which may result from not having achieved a normal
peak bone mass during childhood growth and development of the skeleton (43). Estradiol
treatment in those patients induced an increase in BMD (6).

The uterus/TBW ratio was decreased after OVX, but not significantly different after E100
treatment, probably due to incomplete aromatase inhibition at the tissue level. Studies in
mature cycling rats treated with letrozole also revealed a decreased uterine weight (44). In
female patients, aromatase deficiency results in reproductive dysfunction based on primary
amenorrhea and enlarged polycystic ovaries in adolescence (45), emphasizing the pivotal role of
estrogen in ovarian development (46). Similarly, E100 reduced ovary weight and caused

histological changes similar to those seen in polycystic ovary syndrome. It is unknown whether
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the effects of temporary estrogen deficiency on the female gonadal tract are reversible and, if
not, whether these changes have an impact on fertility or sexual behavior.

In the mammalian nervous system, aromatase expression plays an important role in neural
differentiation and plasticity, neuroendocrine functions, and (sexual) behavior (17), both under
physiological and pathological conditions. We therefore have assessed whether aromatase
inhibition affects morphology of the hippocampus, a brain area that is sensitive to estradiol
levels (47). E100 did not result in reactive gliosis, one of the most prominent cellular responses
of the central nervous system to neurodegeneration (48). This finding is in agreement with
previous studies showing that adult ArKO mice have normal hippocampus morphology,
although they are more susceptible to neurodegeneration than their wild-type littermates (49).
Thus, although aromatase exerts a protective effect against neurodegenerative stimuli (50-52),
its inhibition does not compromise neuronal survival under normal circumstances. However, we
cannot exclude that aromatase inhibition may affect other brain regions, especially brain nuclei
that develop during sexual maturation (e.g. the medial amygdala) (53).

In summary, partial inhibition of aromatase activity by E100 resulted in marginal stimulation of
axial and appendicular growth in female prepubertal rats. Although aromatase inhibition was
probably incomplete, pronounced adverse effects were found on ovarian histology and bone
architecture, and it remains unclear whether these would have long-term, permanent
consequences for reproduction and fracture risk, respectively. Our finding that E100 stimulates
growth, albeit marginally, mimics to a certain extent the clinical phenotype in aromatase
deficient female patients who exhibit tall stature if untreated (54). Species differences in
dependency on estrogen signaling probably underlie the discrepancies found in growth
phenotype between the aromatase inhibitor treated rats and mice, and estrogen-deficient
patients described in literature. However, considering the potential side-effects on bone
physiology and morphology of the ovaries, treatment with aromatase inhibitors in girls in

clinical practice should not be advised.
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