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ABSTRACT 

More than 300 years ago Dr. Stephen Hales drilled holes in the shaft of chicken bones and 
noted that as the animal grew, the distance between these holes remained constant. This led him 
to conclude that longitudinal bone growth occurs at the end of the long bones, rather than in the 
middle. During the subsequent centuries, employing increasingly sophisticated approaches, we 

have learned that bone elongation involves cells located in the cartilage of the epiphyseal 
growth plate at the end of the long bones.  
The transient epiphyseal growth plate consists of cartilage present only during the growth 
period. Cell proliferation and differentiation and subsequent bone formation in this cartilage 
are controlled by various endocrine, autocrine and paracrine factors which finally eliminate 
the cartilaginous tissue and promote epiphyseal fusion. It is well known that sex steroids in 
particular estrogens, play an important role in longitudinal bone growth during puberty. High 

doses of estrogen therapy can reduce the final height of an individual, but such treatment is also 
associated with severe side-effects. At the same time, attenuation of estrogen production by 
aromatase inhibitors increases this final height, inhibiting bone turnover, which influences bone 
architecture and may increase the risk for vertebrae fracture. 
Selective estrogen receptor modulators (SERMs), which display either estrogenic and or anti-
estrogenic effects, bind to estrogen receptors ER(s) with different affinities and subsequently 
recruit co-modulators of transcription in a tissue specific manner. Therefore, our hypothesis is 

that SERMs may prove to be valuable tools for modulating longitudinal bone growth. 
 
First, we examined the effect of tamoxifen, a first generation SERM, on the longitudinal growth 
of fetal rat metatarsal bones, in culture. We found that this drug retards such growth in a dose-
dependent manner, as a result of specific elimination of chondrocytes, primarily in the resting 
zone of the growth plate, by apoptosis (Paper I). 
 
To extend these findings to the in vivo situation and at the same time evaluate the long-term 

effects of tamoxifen on bone growth and mineralization, we used young male rats. At a 
clinically relevant dose tamoxifen causes persistent retardation of longitudinal and cortical 
radial bone growth in these animals (Paper II). 
 
Next in attempt to improve clinical approaches to altering growth plate cartilage and 
longitudinal bone growth by reducing side–effects, we investigated Trans-resveratrol (3, 5, 4΄-
trihydroxystilbene), a phytoSERM with a polyphenolic structure that is produced by a variety of 

plants in response to infection. We found that in ovariectomized rabbits, resveratrol improves 

both axial and appendicular bone growth, an effect associated with an increased number and 

size of hypertrophic chondrocytes and attenuation of the expression of VEGF by these 

same cells. At the same time, the serum level of IGF-I was unaltered by treatment with this 

phytoSERM (Paper III).  
 
Finally, we developed new culturing conditions that allow long-term study of the growth of 
postnatal rat metatarsal bones ex vivo. This model can be employed to characterize persistent 
long-term growth in culture under serum-free conditions, and responses to known suppressors 
and stimulators of bone growth, thereby offering the possibility to study the phenomenon of 

“catch-up” growth in vitro. This system also facilitates the screening of the effects of various 
SERMs at different concentrations on postnatal bones, the growth of which is regulated in a 
different manner than that of fetal bones (Paper IV). 
 
The studies described here demonstrate that SERMs have the potential to influence growth 
plate cartilage in such a manner as to affect the longitudinal bone growth.  
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1 INTRODUCTION 

The bone and cartilage tissues of our skeletal system provide not only 

mechanical support, but also protect the vital organs of the body, including the:  heart, 

lungs and brain. Consequently, normal growth and development of skeletal bone is 

essential. These processes involve two different pathways: membranous ossification, 

which gives rise to calvarial bones directly from osteoblastic cells; and endochondral 

ossification, which is responsible for the growth of long bones such as those in the 

limbs, the vertebrae and certain of the bones in the skull. 

Growth is influenced by numerous factors, including; genetic 

background, nutritional and socioeconomic status, endocrine function, and 

psychosocial security (Tanner and O'Keeffe, 1962; Mascie-Taylor, 1991). In light of 

the differences between various ethnic groups in this respect, growth must be defined 

in relationship to the relevant reference population. In general, an individual whose 

height differs by more than two standard deviation (SD) from the mean of this 

reference population (i.e., a child with a height above the 97th percentile of the 

growth curve) is considered too tall, just as a child shorter that the 3rd percentile is 

considered to be too short.  

One of the most common reasons for referral of patients to pediatric 

endocrinologists is short stature, i.e., a height significantly below the target level and an 

abnormally slow increase in height. In the majority of such patients short stature is a 

normal variation or due to genetic-familial factors (Joseph E Raine, 2005). At present, 

few growth-promoting therapies are available for clinical use. 

Growth hormone (GH) is licensed only for the treatment of certain causes 

of short statures and is, moreover, costly and inconvenient requiring daily injection. 

Recently, recombinant insulin-like growth factor-1 (IGF-I) has been licensed for the 

treatment of cases that do not respond to GH (i.e., the Laron syndrome) (Collett-

Solberg and Misra, 2008), but the efficacy of this factor in treating other causes of 

severe short stature remains to be evaluated. The use of analogues of gonadotrophin-

releasing hormone (GnRH) to arrest pubertal development and thereby prolong 

pubertal growth do not appear promising (Joseph E Raine, 2005). Although attenuation 

of estrogen biosynthesis by aromatase inhibitors has the potential to increase predicted 

adult height in boys with idiopathic short stature (Hero et al., 2005; Mauras et al., 

2008), the associated occurrence of vertebral deformities and disturbed vertebral-body 
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(Hero et al., 2009) raise concerns about bone architecture and fracture risk following 

estrogen deprivation. 

Excessive growth and abnormally tall stature have been of less concern, 

but, nonetheless, cause practical problems and increase the risk for trunk abnormalities 

(i.e., kyphosis and scoliosis). Therefore, appropriate treatment to limit adult height is 

also desirable (Hazebroek-Kampschreur et al., 1994) and several strategies have been 

proposed in this connection.  High-dose administration of sex steroids has been 

employed for nearly 60 years (Goldzieher, 1956) to reduce growth rate and induce 

growth plate fusion. In girls, high doses of estrogens do result in a time- and dose-

dependent decrease in adult height (Prader and Zachmann, 1978; Ignatius et al., 

1991). However, these treatments have serious side-effects, including decreased 

fertility (Venn et al., 2004) and a fear of elevated long-term risk for cancer (Panteon 

et al., 1988; Werder et al., 1990; Drop et al., 1998). Suppression of GH levels should 

theoretically reduce growth rate and may reduce final height. Although analogues of 

somatostatin are effective in reducing GH secretion in children of constitutionally tall 

stature, these drugs also have certain undesirable side-effects (Hindmarsh et al., 1990; 

Carel et al., 2009). 

Possible substitution therapy or future strategies for treating such 

growth disorders, which are the concern of the present study, will be discussed later. 

First, it is of value to review what is presently known about the physiology of bone 

growth, the structure of the growth plate and, systemic and local regulators of 

longitudinal bone growth.  

1.1 LONGITUDINAL BONE GROWTH  

During the three stages of human linear growth, i.e., infancy, childhood 

and puberty, growth is regulated differently. During infancy, when the child may grow 

as much as 25 cm per year, growth is regulated primarily by nutrition. However, with 

time, nutrition becomes less important and the GH-IGF-I axis becomes the principal 

regulator of childhood growth, when the annual increase in height varies from 4 to 8 

cm. At puberty, the dramatic increased in growth referred to as the adolescent growth 

spurt, as well as the manifestation of secondary sexual characteristics, are the result of 

activation of the hypothalamic-pituitary-gonadal system (Joseph E Raine, 2005). 

1.1.1 Bone formation and skeletogenesis 

Skeletal formation begins with condensations of mesenchymal cells in 

regions of the embryo destined to eventually become bone (Fig. 1a). The appearance 

of markers for chondrocyte differentiation is the first indication of endochondral 
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development: the master gene driving this differentiation, SOX9, activates its target 

genes in chondrogenic cells, thereby stimulating secretion of an extracellular matrix 

rich in cartilage proteins (i.e., types II, IX and XI collagen, aggrecan and cartilage 

oligomeric matrix protein) (Morris, 2002) (Fig.1b). In the center of the cartilage 

anlagen formed, the chondrocytes undergo terminal differentiation, which involves 

down-regulation of SOX9 and other cartilage-specific genes and up-regulation of 

RUNX2 and other factors specific for more differentiated chondrocytes (Kronenberg, 

2003; Horton, 2006). 

 

  

Figure 1. Endochondral bone development (reproduced from Horton WA, 2006 by permission) 

 

In parallel, mesenchymal cells surrounding the cartilage anlagen 

differentiate into osteoblasts that form a perichondrial collar of membranous bone 

surrounding the center of the anlagen (Figure 1c and 1d) (Kronenberg, 2003; Long et 

al., 2004; Horton, 2006). This collar appears to act as a staging area for the 

subsequent invasion of the cartilage anlagen, which leads finally to the formation of 

primary ossification centers (Figure 1f), which spread within the cartilage anlagen 

Epiphysis 

Epiphysis 

Diaphysis 
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(Morris, 2002; Horton, 2006) and makes the diaphysis. Most of the cartilage tissue is 

converted to bone, except for that close to the epiphysis, where chondrocytes 

proliferate and synthesize the cartilage matrix prior to further differentiation to pre-

hypertrophic and terminally mature chondrocytes (Figures 1g–i ). Subsequently, 

secondary centers of ossification form in the epiphyseal cartilage (Figure 1i), which is 

eventually converted into bone, with the exception of a thin layer of articular cartilage 

at the surface of the joint. 

Bone elongation occurs through proliferation and differentiation of the 

cells located in the cartilage of the epiphyseal growth plates at the ends of the long 

bones. These plates are present only during the growth period and vanish when sexual 

maturation is complete. 

1.1.2 Structure of the growth plate  

 The growth plate is divided into three well-defined zones. Closest to  

the epiphysis, the reserve zone (also known as the germinal zone) contains single or 

pairs of small, uniformly round and relatively quiescent cells embedded in a large 

volume of extracellular matrix (ECM) (Ballock and O'Keefe, 2003; Melrose et al., 

2008) (Fig 2). Immediately beneath this reserve zone lies the proliferative zone, where 

the chondrocytes flatten, begin to divide and form ladders parallel to the bone 

alignment, and synthesize collagen of types II and XI (Ballock and O'Keefe, 2003) (Fig 

2). In the underlying zone of maturation, referred to as the hypertrophic zone, the 

chondrocytes which are larger and more swollen than in the other zones, begin their 

terminal differentiation. The characteristic features of these hypertrophic chondrocytes 

include a lack of cell division, a pronounced increase in alkaline phosphatase activity 

and synthesis of large amounts of various elements of the ECM, including type-X 

collagen, a unique short-chain collagen found only in this zone (O'Keefe et al., 1994; 

Karimian et al., 2008) (Fig 3). This morphological transformation is regulated by 

various hormones and growth factors.  

         

Figure 2. The organization of chondrocytes in the growth plate 

Metaphysis 

Epiphysis 

Reserve zone 

Proliferative zone 

Hypertrophic zone 
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1.1.3 Elimination of hypertrophic chondrocytes  

There are several proposals concerning the ultimate fate of terminally 

differentiated chondrocytes in the growth plate, as well as their role in the generation of 

endochondral bone.     

1.1.3.1 Transdifferentiation 

Transdifferentiation, a process by which highly differentiated cells 

undergo remarkable changes in shape, size and function, would involve conversion of 

chondrocytes to osteoblasts dedifferentiation and subsequent redifferentiation 

(Shapiro et al., 2005). Certain post-mitotic cells are known to be capable of changing 

their phenotypes in rather dramatic ways, e.g., skin cells have the ability to 

differentiate into neural progeny (Toma et al., 2001). Most of the evidence in favor of 

transdifferentiation and reprogramming of epiphyseal chondrocytes is based on 

studies involving cell and organ cultures. As early as 1932, Honor Fell observed that 

chondrocytes from young chicks in culture appear to convert into bone cells (Fell, 

1932). Later on, the occurrence of costochondral rib and bone formation in vitro led 

to the conclusion that uncommitted (stem) cells in cartilage provide a rich source of 

osteoprogenitors (Holtrop, 1966). This conclusion was supported by subsequent 

investigations (Silbermann et al., 1987; Livne et al., 1988; Weiss et al., 1988a; Weiss 

et al., 1988b; Ben-Ami et al., 1993), which together provide strong support for the 

transition of chondrocytes into osteoblasts. 

1.1.3.2 Apoptosis or type-I programmed cell death  

The condensed cells at the chondro-osseous junction, first identified and 

designated as “dark chondrocytes” by Farnum and Wilsman (Farnum and Wilsman, 

1989b) have been shown to be undergoing a special form of apoptosis referred to as 

chondroptosis (Roach et al., 2004). Programmed cell death is clearly an essential event 

in the development, growth and maintenance of tissue homeostasis in multicellular 

organisms (Ishizaki et al., 1994; Ishizaki et al., 1995; Zuzarte-Luis and Hurle, 2002). 

Different types of apoptotic cells have been identified in growth plate cartilage by 

various techniques and investigators (Hargest et al., 1985; Farnum and Wilsman, 

1987; 1989a; Bronckers et al., 1996; Aizawa et al., 1997). 

 Interestingly, after post-mitotic hypertrophic chondrocytes become 

terminally differentiated, they are susceptible to numerous pro-apoptotic stimuli at the 

chondro-oseous junction. During endochondral bone formation, septoclasts (Lee et 

al., 1995) lyse the cartilage matrix proteins, which produces high local concentrations 

of ions, glycans and peptides, some of which are permissive to chondrocyte 
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apoptosis. In this context the most important matrix element is the Ca
2+

/Pi ion pair. Pi 

has been shown to exert potent apoptogenic effects on isolated chick chondrocytes 

(Mansfield et al., 1999; Magne et al., 2003) and animal studies have confirmed the 

key role played by Ca
2+

 and Pi as regulators of apoptosis in growth plate 

chondrocytes. For instance, in vitamin D-deficient mice, although the proliferative 

and resting zones in the rachitic growth plate are normal, the hypertrophic zones are 

greatly enlarged (Donohue and Demay, 2002). An additional factor that might control 

chondrocyte apoptosis is the local level of O2 with the central player in this 

connection being the transcription factor, hypoxia-inducible factor (HIF).When the 

level of oxygen falls, HIF is stabilized and activates several genes, including the one 

encoding VEGF. In other tissues ischemia-reperfusion injury causes massive 

apoptosis (Toledo-Pereyra et al., 2004) while in the growth plate the low oxygen 

tension serves initially to enhance cell survival, since hypoxia attenuates chondrocyte 

sensitivity to apoptosis (Bacon and Harris, 2004). Invasion of blood vessels into the 

cartilage of the chondro-osseous junction (possibly related to HIF-dependent 

expression of VEGF) causes a sudden elevation in the local oxygen tension and may 

thereby precipitate cell death (Shapiro et al., 2005). 

1.1.3.3 Autophagy or type II programmed cell death 

An electronmicroscopic study of hypertrophic chondrocytes in neonate 

rabbits revealed compartmentalization of the cytoplasm into large vacuoles by the 

endoplasmic reticulum, a sign of degradation (Roach and Erenpreisa, 1996; Erenpreisa 

and Roach, 1998). Morphologically, these dying cells contained autophagic vacuoles 

(autophagosomes), surrounded by double membranes, organelles designed for self-

degradation. This process, through which cells consume themselves, can be activated 

by nutrient deficiency. However, in a recent investigation, Emons and colleagues 

(Emons et al., 2009) detected no signs of either classical apoptosis or autophagia in 

connection with fusion of the human growth plate. 

1.2 LOCAL REGULATION OF THE GROWTH PLATE 

Among the key para/autocrine regulators of bone formation are bone 

morphogenic proteins (BMPs), fibroblast growth factors (FGFs), hedgehog protein and 

parathyroid hormone-related peptide (PTHrP).  

1.2.1 Bone morphogenic proteins (BMPs) 

BMPs are growth and differentiation factors that play essential roles at 

every stage of endochondral bone development. Mice lacking BMPs and/or their 

receptors fail to extend mesenchymal condensations or achieve digit formation (Storm 
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and Kingsley, 1999; Baur et al., 2000; Pizette and Niswander, 2000). At later stages, 

these proteins are expressed in the perichondrium as well as hypertrophic and 

proliferative chondrocytes. BMP signaling enhances the expression of Ihh by 

prehypertrophic chondrocytes (Minina et al., 2001; Minina et al., 2002), thereby 

increasing both the rate of chondrocyte proliferation and the length of proliferative 

columns. Furthermore, in vitro these factors directly trigger chondrogenesis by human 

mesenchymal stem cells to induce the formation of hypertrophic chondrocytes (Steinert 

et al., 2009).  

1.2.2 Fibroblast growth factors (FGFs) 

Recent genetic studies have demonstrated that signaling by FGFs play a 

key role in regulating chondrocyte proliferation and differentiation and 22 different 

FGFs and four target receptor (FGFR) genes are expressed at every stage of 

endochondral ossification (Ornitz and Marie, 2002). Examination during the past 

decades of transgenic mice carrying a mutation in FGFR3, either locally in the growth 

plate or globally, have shown that this protein inhibits linear bone growth. Mutations in 

humans that potentiate the function of FGFR3 cause achondroplasia, 

hypochondroplasia and type I and II thanatophoric dysplasia (Horton et al., 2007). This 

inhibition of proliferation by FGF-signaling through FGFR3 involves, at least partially, 

activation of Janus kinase signaling and activator of transcription-1 (JAK-STAT1) 

(Colvin et al., 1996). The expression of FGFs and their receptors in postnatal growth 

plate cartilage suggests that these proteins contribute to growth plate senescence and 

thus help to determine the size of the adult skeleton (Lazarus et al., 2007). 

1.2.3 Signaling by Indian hedgehog (Ihh)/ Parathyroid hormone related-

protein (PTHrP) 

Indian hedgehog (Ihh), the major regulator of bone development, 

orchestrates chondrocyte proliferation and differentiation, as well as osteoblast 

differentiation. During bone formation, Ihh is expressed and secreted by post-mitotic 

hypertrophic chondrocytes, simultaneously with expression of the parathyroid 

hormone-related protein receptor (PPR) (Fig 3). Its binding to the Patched-1 (Ptc-1), 

receptor leads to activation of Smoothened (Smo), an additional membrane protein 

required for the actions exerted by Ihh on cells. Active Smo subsequently triggers a 

cascade resulting in gene activation (Kronenberg, 2003). 

Ihh can either act directly on chondrocytes to stimulate their 

differentiation, thereby regulating columnar cell mass in a manner independent of 

PTHrP (Kobayashi et al., 2005) or it can promote the synthesis of PTHrP by 
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periarticular and early proliferative chondrocytes (Lai and Mitchell, 2005) (Fig 3) to 

maintain the chondrocyte column. By binding to its receptor on proliferative and pre-

hypertrophic chondrocytes, PTHrP delays the differentiation of chondrocytes into 

their hypertrophic stage, thereby shutting off production of Ihh by maintaining these 

cells in the proliferative phase (St-Jacques et al., 1999). The significance of this 

Ihh/PTHrP feedback loop for normal endochondral bone formation is enormous, as 

illustrated by the observation that disruption of any component of the system results 

in abnormal limb development (St-Jacques et al., 1999). 

 

 

Figure 3. At different stages in their development growth plate chondrocytes exhibit different pattern of 

gene expression (reproduced from Lai LP and Mitchell, 2005 by permission) 
 

1.3 SYSTEMIC REGULATION OF THE GROWTH PLATE 

The key hormones that regulate longitudinal bone growth after birth are 

GH, IGF-I, insulin, glucocorticoids and thyroid hormones. However, during sexual 

maturation the sex steroids (androgens and estrogens) contribute significantly to this 

process.  

1.3.1 The GH/IGF-I system 

Starting during the second trimester of gestation growth hormone (GH) is 

synthesized by the anterior pituitary gland (Kaplan et al., 1972). The contributions of 

various factors, including hormones, neurotransmitters and metabolic modulators, to 

this regulation of GH synthesis in humans is illustrated in Figure 4. The physiological 

role of GH during fetal life is not well understood since, IGF-I and IGF-II which 

Proteins expressed 
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independently of GH are key determinants of embryonic growth (Honnebier and 

Swaab, 1973), (Woods et al., 1996) although a later report did conclude that GH 

participates partially in fetal development (Waters and Kaye, 2002). On the other hand, 

following birth and throughout puberty and adulthood GH is well known to play a 

critical role in longitudinal skeletal growth (Isaksson et al., 1987; Guler et al., 1988; 

van der Eerden et al., 2003), exerting anabolic effects on trabecular and cortical bones 

(Giustina et al., 2008).  

1.3.1.1 Functions of GH 

GH can exert its effects directly by binding to a single-chain trans-

membrane glycoprotein receptor (GHR) expressed at high levels in virtually all organs 

including growth plate cartilage (Gevers et al., 2002). At the same time, this hormone 

stimulates the  production of IGF-I (formerly known as somatomedin C) in the liver 

(Melmed, 1999), which is the major target organ for GH and the principal site of IGF-I 

production. In addition, numerous extrahepatic tissues synthesize this hormone under 

the local control of various hormones. 

Ninety-nine percent of all IGF-I found in the circulation is part of a 150-

kD ternary complex also containing its dominant circulatory binding proteins, 

IGFBP-3 or IGFBP-5, and the acid labile subunit (ALS) (Boisclair et al., 2001). This 

ternary complex stabilizes IGF-I, prolonging its half-life and availability to target 

organs (Boisclair et al., 2001). Genetic ablation of individual components of this 

complex (i.e., liver-specific IGF-I, ALS, and IGFBP-3) only partially reduces
 
serum 

levels of IGF-I and yields only minor skeletal abnormalities, indicating
 
that the 

remaining serum IGF-I still exerts a substantial
 
impact on the skeleton (Yakar et al., 

2009), alternatively, that an elevation in the level of GH is sufficient to compensate for 

the defect. However, triple-knockout mice lacking liver-specific IGF-1, ALS, and 

IGFBP-3 exhibit a 97% reduction in their serum level of IGF-I and obvious destruction 

of bone (Yakar et al., 2009). At the same time, this destruction was markedly
 
less 

severe than in IGF-I-null mice (Liu et al., 1993), strongly
 
suggesting that local IGF-I 

and its complexes in tissues, rather than circulating IGF-I play a major role in skeletal 

development.
 
Interestingly, a recent investigation by Stratikopolos and colleagues 

(Stratikopoulos et al., 2008) showed that mice expressing IGF-I in their livers only 

attain no more than approximately 30% of the normal adult body size during postnatal 

development, i.e., that endocrine IGF-I plays a highly significant role in murine growth.  

 

 



 

16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Schematic illustration of the regulators of GH synthesis and of the direct and indirect (via 

IGF-I signaling) effects of this hormone   

 

1.3.2 Glucocorticoids 

Exogenous glucocorticoids (GCs) often impair growth in both humans 

and animals (Altman et al., 1992; Allen, 1996; Chrysis et al., 2003), whereas, familial 

deficiencies in these steroids are associated with tall stature (Elias et al., 2000). The GC 

receptor is expressed in epiphyseal cartilage and cells of the femur bone of rat 

(Silvestrini et al., 1999), as well as in human growth plate cartilage (predominantly in 

the hypertrophic zone) and bone cells (osteoblasts and osteocytes) (Abu et al., 2000). 

Such observations suggest that the GCs exert direct effects on these tissues 

 By modifying the GH/IGF-I axis at different levels, even low doses of 

GCs suppress growth in both humans and animals (Allen, 1996; Smink et al., 2003). 

For example, Smink and coworkers (Smink et al., 2003), showed that such short-term 

treatment of mice retards growth significantly, decreases the width of the growth 

plate, and rate of chondrocyte proliferation, promotes apoptosis in hypertrophic 

chondrocytes and reduces the local level of IGF-I in the growth plate. Baron and 

colleagues (Baron et al., 1992) found that local infusion of dexamethasone into the 

epiphyseal growth plate of one leg of rabbits inhibits the growth of this leg and 

following dexamethasone withdrawal, catch-up growth in comparison to the contra-

lateral leg occurs. These observations suggest that both the inhibitory effects of GCs 
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on growth, as well as catch-up growth following GC withdrawal are characteristic of 

the growth plate, although we cannot exclude the possibility that alterations in the 

GH/IGF system or any indirect effects might also play a role in this connection. 

1.3.3 Androgens 

Clearly, androgens are essential for male gonadal differentiation prior to 

birth, for sexual maturation and maintenance during and after puberty; and genital 

function and spermatogenesis during adulthood. However, their contribution to bone 

growth and development in men relative to that of estrogens remains unclear. The 

androgen receptor (AR) is expressed in the growth plate cartilage of several animal 

species, including the rat, rabbit and human (Abu et al., 1997; Ben-Hur et al., 1997; 

Nilsson et al., 2003a). Unilateral injection of testosterone enanthate into the 

epiphyseal growth plate of the rat tibia expands the width of this growth plate in 

comparison to the contralateral one (Ren et al., 1989), suggesting that androgens 

might act locally to stimulate bone growth. Moreover, non-aromatazable androgens 

such as dihydrotestosterone (DHT) and oxandrolone accelerate the rate of bone 

growth in patients without affecting systemic levels of GH (Stanhope et al., 1988; 

Veldhuis et al., 1997). The finding that  oxandrolone does not influence the linear 

growth of cultures of fetal rat metatarsal bones (Chagin et al., 2009) supports the 

hypothesis that this androgen stimulates longitudinal bone growth in children by acting 

indirectly, rather than directly on growth plate chondrocytes (Chagin et al., 2009). 

The evidence accumulated so far suggests that testosterone affects bone 

growth only after being aromatized to estrogen locally in the growth plate, a 

conclusion supported by the observation that aromatase P450 (CYP19) is expressed 

in growth plate chondrocytes (Oz et al., 2001). Furthermore, despite demonstrating 

normal levels of testosterone both aromatase-deficient males and females exhibit the 

characteristic features of estrogen deficiency, i.e., an unfused epiphysis, markedly 

delayed bone development and severe osteopenia in adulthood (Morishima et al., 

1995; Carani et al., 1997). Together, these findings indicate that estrogens should not 

be considered to be solely female hormones, but more generally as sex steroids 

required for normal bone growth and development in both sexes. 

1.3.4 Estrogens 

1.3.4.1 Isoforms of the estrogen receptor  

The physiological effects of estrogens are mediated primarily by two 

known nuclear receptors, estrogen receptor-α (ERα) (Green et al., 1986; Greene et al., 

1986) and estrogen receptor-β
 
(ERβ) (Kuiper et al., 1996). ERα and ERβ act as classical 
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ligand-activated transcription
 
factors, residing in the cytosol until binding their ligand 

and then being translocated into the
 
nucleus, where the estrogen-ER complex interacts 

with estrogen response elements (EREs) in the promoter regions
 
of target genes. In 

addition, estrogens bind to subpopulations of ERα and ERβ associated with the plasma 

membrane, thereby rapidly activating a variety
 
of intracellular signaling cascades.

 

 

 

 

 

 

 

 

 

 

Figure 5. Structure of the estrogen receptors. These receptors contain 6 domains (A-F). From the N- to 

the  C-terminus: the A/B domain mediates ligand-independent activation (AF-1). The C domain contains 

the DNA-binding domain that binds to EREs in target genes. The D domain is a hinge that provides 
flexibility between the C- and N- termini.  The E and F domains contain the site that binds estrogen and 

estrogenic compounds. The AF-1 region at the N-terminus and the AF-2 region within the ligand-binding 

domain are involved in ligand-independent and ligand-dependent transcriptional activation, respectively. 

The percentage homology between the AB, C and E domains in these two isoforms is indicated below 

these domains.  

Recently, a membrane-bound G protein-coupled
 

estrogen receptor 

(GPR30) that rapidly mediates estrogen
 
signalling has been identified (Revankar et 

al., 2005). This receptor is expressed at high levels in the hypertrophic zone and the 

expression level decreases during pubertal progression, suggesting that GPR30 is 

involved in modulating longitudinal bone growth (Chagin and Sävendahl, 2007). The 

observation that estrogen treatment of mice lacking this receptor (GPR30 -/-), does 

not influence the height of the growth plate height or femur length (Windahl et al., 

2009) indicates that GPR30 is required for normal estrogenic responses in the growth 

plate.  

1.3.4.2 Mechanism of estrogen action at the cellular level 

1.3.4.2.1 Classical mechanism of ligand-dependent ER action 

Ligand binding to this receptor induces a conformational change that 

promotes ligand-receptor dimerization and this dimeric complex is then translocated 

into the nucleus, where it binds to a specific ERE in the promoter regions of 

responsive genes and activates their transcription. 

ERα A/B C D E F N C 

A/B C D E F N C ERβ 

Homology 24% 98% 54% 

AF-1 AF-2 
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1.3.4.2.2 ERE-independent activation of transcription 

Certain studies have demonstrated that ERs can regulate transcription 

without binding directly to DNA, through protein-protein interactions with a complex 

of transcription factors that does have direct contact with the DNA. In this way ERs 

regulate the expression of a large number of genes that do not contain EREs. This 

mechanism which is common among members of the nuclear receptor superfamily, is 

often referred to as transcriptional cross-talk (Gottlicher et al., 1998). 

1.3.4.2.3 Ligand-independent effects on transcription 

 Certain growth factors activate proteinkinase cascades that lead to the 

phosphorylation and activation of nuclear ERs bound to EREs. 

1.3.4.2.4 Non-genomic action  

Membrane E2-ER complexes activate proteinkinase cascades, thereby 

altering the functions of various cytoplasmic proteins and/or regulating gene 

expression through phosphorylation and activation of a transcription factors. 

1.3.4.3 Endogenous production of estrogen 

Chondrocytes appear to synthesize estrogen, both in vivo and in vitro 

(Oz et al., 2001; Sylvia et al., 2002; van der Eerden et al., 2002), in agreement with 

the observation that, P450 aromatase is expressed in the growth plate cartilage of both 

humans (Oz et al., 2001) and rats (van der Eerden et al., 2002; Chagin et al., 2006). 

Moreover, estrogen produced locally has been reported to be important for 

chondrocyte proliferation, protecting these cells from spontaneous cell death and 

thereby regulating longitudinal growth (Chagin et al., 2006). 

1.3.4.4 Effects of estrogen deficiency on bone growth 

The basic assumption that estrogen is the sex steroid primarily 

responsible for regulating pubertal growth in girls, while in boys this regulation is 

mediated primarily by androgen was challenged by Smith and his colleagues in the 

1990’s. These investigators described the unique case of a 28-year-old white man 

referred to the surgeon for progressive genu valgum, whose radiological examination 

revealed unfused epiphyses, a bone age of 15 years and a lumbar spine BMD that was 

3 SD below the appropriate control mean. He was 204 cm tall, had an arm span of 

213 cm and eunuchoid structure, and, due to his open epiphyses, was still growing 

slowly during the third decade of his life. Transdermal treatment with high doses of 

ethinyl estradiol for six months improved neither his total BMD nor advanced his 

bone age. 
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DNA analysis revealed a homozygous mutation in exon 2 of this 

patient’s ER gene, resulting in a substitution of thymine for cytosine. Despite his 

normal serum levels of androgen, this genetic estrogen resistance was associated with 

a delay in skeletal maturation and continuing increase in height into adulthood (Smith 

et al., 1994). Histomorphometrical analysis of this patient’s bones revealed that 

disruption of ERα actions markedly affected their mineral content and structure, but 

not the periosteal circumference (Smith et al., 2008). 

Thereafter, in 1995, a similar phenotype appearance due to a 

homozygous mutation in exon IX of the aromatase P450 (CYP19) gene that led to 

high levels of androgens, but unlike the previous patient had an undetectable levels of 

estradiol in the serum was described (Morishima et al., 1995; Zirilli et al., 2009). In 

contrast to the patient described above, this man responded to therapy with 

conjugated estrogen. These observations indicate that androgen alone is not sufficient 

to promote skeletal maturation and maintain bone mass and that estrogen plays a 

pivotal role in bone mineralization in both males and females. The local expression of 

ERs by growth plate chondrocytes of various animal species (Nilsson et al., 1999; 

Nilsson et al., 2002) indicates that estrogens exert direct effects in this context.  

1.3.4.5 Estrogen induces fusion of the growth plate in humans  

Clinical cases of estrogen deficiency due to a defect in the synthesis of 

estrogen or function of its receptor clearly illustrate the significance of this sex 

hormone in regulating the pubertal growth spurt and growth plate fusion in both girls 

and boys (Smith et al., 1994; Morishima et al., 1995; Carani et al., 1997). When a 

child approaches the end of his or her period of growth, the growth plate thins and the 

rate of growth gradually declines, and finally ceases when the growth plate has 

vanished completely. High-dose treatment of children with estradiol promotes early 

fusion of the growth plate via the same processes that normally occur late in puberty 

(Drop et al., 1998). 

The mechanism by which estrogens promote epiphyseal fusion is not 

well understood, but there is an alternative hypothesis based on a study in rabbits. 

Unlike what happens in small rodents, the growth plate in rabbits fuses at the time of 

sexual maturation or upon estrogen treatment (Weise et al., 2001). This hypothesis 

proposes that the growth plate undergoes programmed senescence, involving 

reductions in the rates of growth and chondrocyte proliferation, as well as the number 

and size of chondrocytes (Weise et al., 2001) Moreover, growth plate fusion appears 
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to be triggered when the proliferative capacity of the chondrocytes located there is 

fully exhausted. 

1.3.4.6 Estrogen treatment for modulation of bone growth 

Although high-dose treatment studies of constitutionally tall stature with 

estrogens have been effective (Goldzieher, 1956; Venn et al., 2008), the long-term 

effects of such treatment are now being recognized. Today, it is known that high-dose 

estrogen therapy appears to reduce fertility later in life (Venn A, 2005), increase the 

risk for deep vein thrombosis (Weimann and Brack, 1996), as well as, possibly, 

increase the risk for breast and gynecological cancers (Genazzani et al., 2001). In 

contrast, treatment of idiopathic short stature by blocking estrogen biosynthesis 

successfully delays skeletal maturation and enhances adult height without serious side-

effects (Hero et al., 2005). However, a recent investigation on pre-pubertal boys treated 

for six months with an AI to enhance their final height revealed that the elevated bone 

resorption caused by this drug was not paralleled by an increase in bone formation 

(Hero et al., 2009). Moreover, there is a strong correlation between serum levels of 

estradiol and BMD in males (Slemenda et al., 1997), once again emphasizing the 

importance of this sex hormone for bone health in both sexes.  

1.3.4.7 ERα- and ERβ-knockout strains of mice 

To gain further insight into the role played by each individual ER, 

mouse strains deficient in ERα (ERKO), ERβ (BERKO) or both (DERKO) have been 

generated (Lubahn et al., 1993; Krege et al., 1998; Dupont et al., 2000). ERKO mice 

generated in the laboratory of Dr. Smithies (Vidal et al., 1999; Windahl et al., 1999; 

Vidal et al., 2000; Lindberg et al., 2001; Windahl et al., 2001; Chagin et al., 2004) 

express a truncated form of ERα produced by alternative splicing (Pendaries et al., 

2002) which contains the DBD and AF-2 domains, whereas, BERKO mice generated 

in this laboratory express no ERβ at all. An ERKO mouse strain generated in the 

laboratory of Dr. Chambon (Sims et al., 2002; Tozum et al., 2004) is considered to be 

ERα-null, with no ER activity; whereas the, BERKO mice from the same group 

express isoforms of ERβ. 

The adult or elderly femur length of female ERKO mice is either normal 

(Sims et al., 2002; Tozum et al., 2004) or reduced (Lindberg et al., 2001; Parikka et 

al., 2005). Male ERKO mice exhibit inhibition of bone growth, both as adults (Vidal 

et al., 2000) and upon aging (Parikka et al., 2005), whereas knocking-out ERβ does 

not influence bone growth in male mice at any stage of their development (Windahl et 

al., 1999; Vidal et al., 2000; Windahl et al., 2001; Sims et al., 2002). In contrast, the 
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corresponding knock-out in female mice stimulates adult bone length (Windahl et al., 

1999; Lindberg et al., 2001; Chagin et al., 2004). With the double knock-out 

(DERKO), male mice exhibit growth inhibition to the same extent as the ERKO 

strain (Vidal et al., 2000), while female animals have longer bones than in the case of 

ERKO (Lindberg et al., 2001; Chagin et al., 2004). These observations suggest that 

ERβ is involved in inhibition of longitudinal bone growth. The serum level of 

estradiol in female ERKO mice is higher than WT, BERKO or DERKO females 

(Lindberg et al., 2001). The differences between the phenotypes of the unique clinical 

case lacking ERα function mutation and the knock-out mice models might reflect 

species differences in the functions of other isoforms of ER. Moreover, the diverse 

phenotypes of male and female ER-knockout mice indicate the existence of sex-

related functions of ERs in response to estrogen. 

1.3.4.8 Direct effects of estrogens on chondrocytes 

Indeed, the expression of ERα (Kusec et al., 1998), ERβ (Nilsson et al., 

1999) and GPR30 (Chagin and Sävendahl, 2007) by human epiphyseal chondrocytes 

supports  direct actions of estrogens on these cells. However, at physiological levels 

estradiol does not influence cell proliferation and viability, synthesis of type X 

collagen, alkaline phosphatase activity, or matrix calcification in primary cultures of 

resting, proliferating, and prehypertrophic chondrocytes derived from the bovine fetal 

epiphyseal growth plate (Rodd et al., 2004). Similarly, we observed no significant 

effect of estradiol (10
-8

-10
-5

M) on the proliferation of or matrix production by rat 

calvarias chondrocytes (the RCJ3.1C5.18 cell line) (Unpublished data, Karimian et al. 

2005). Moreover, in vitro estradiol treatment of fetal (Chagin et al., 2006) and 

postnatal  metatarsal bones from male and female rats does not influence longitudinal 

bone growth significantly (Unpublished data, Karimian et al. 2008).  The effect of 

estrogens on longitudinal bone growth in vivo, but not in vitro suggests the presence 

of a cofactor in vivo which is lacking in cultures or, alternatively, that local 

production of estrogen in cultures masks the effects of exogenous estrogens (Chagin 

et al., 2006).   

1.3.5 Selective estrogen receptor modulators (SERMs) 

Because they act as selective estrogen agonists, certain SERMs can be 

used to prevent or treat diseases caused by estrogen deficiency, such as osteoporosis, 

without most of the undesirable side-effects of estrogens. Conversely, other SERMs 

act as selective estrogen antagonists and can therefore be used to prevent or treat 
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diseases, such as breast cancer, in which estrogen activity in a particular tissue is 

undesirable.  

 Thus, unlike estrogens, which are all agonists, and antiestrogens, which 

are all antagonists, SERMs include a diversity of compounds that can act as either ER 

agonists or antagonists in a tissue-specific manner (Cho and Nuttall, 2001). This 

pharmacological specificity allows dissociation of desirable estrogenic effects on the 

bone from undesirable stimulatory effects on the breast and endometrium. These 

compounds all lack the steroid structure of estrogens, but possess a tertiary structure 

that allows them to bind to the ERs. Most, but probably not all of their agonistic and 

antagonistic activities on target tissues for estrogens can be explained by three major 

interacting factors: differences in the levels of ERα and ERβ expression, differences in 

the conformational changes that occur in ER upon ligand binding and differences in the 

expression of coregulator proteins (coactivators or corepressors)  (Riggs and Hartmann, 

2003). 

PhytoSERMs are plant products that have been demonstrated 

scientifically to exert similar actions. Like other SERMs, these compounds act on the 

ERs in a selective manner, either as agonists or antagonists, thereby offering the 

possibility of selectively stimulating or inhibiting estrogen-like responses in different 

tissues. At present, two main and well-characterized classes of chemical SERMs have 

been approved for clinical use, whereas phytoSERMs are still under investigation. 

1.3.5.1 Tamoxifen: a first generation SERM 

Initially developed as an oral contraceptive, tamoxifen was actually 

found to induce ovulation in sub-fertile women and subsequently marketed for this 

purpose instead. In the early 1970’s, following promising preliminary results in post-

menopausal patients with breast cancer (Cole et al., 1971), this drug was reclassified 

as an anti-cancer agent and is now the most widely used adjuvant therapy in the 

treatment of breast cancer. 

Although experience of its use with children has been limited, because 

of its anti-estrogenic properties tamoxifen was tested as a treatment for pubertal 

gynecomastia in adolescent boys (Derman et al., 2003; Lawrence et al., 2004) and 

precocious  puberty in patients with McCune-Albright Syndrome (Eugster et al., 2003). 

In these studies longitudinal growth was either unaffected or diminished following 

months of treatment (Derman et al., 2003; Eugster et al., 2003; Lawrence et al., 2004). 

Differences in skeletal growth in response to tamoxifen treatment might reflect the use 

of heterogeneous groups of patients of different ages and stages of sexual maturation. 

http://en.wikipedia.org/wiki/Phytoserm
http://en.wikipedia.org/wiki/Estrogen_receptor
http://en.wikipedia.org/wiki/Agonist
http://en.wikipedia.org/wiki/Receptor_antagonist
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In gonadoectomized male and female rats tamoxifen causes a narrowing of the growth 

plate (Li et al., 1996; Fitts et al., 2004) and the final height attained and long-term 

safety of tamoxifen administration to young individuals is presently under 

investigation.  

1.3.5.2 Raloxifene: a second generation SERM 

 Raloxifene acts as an estrogen agonist with regards to bone density and 

as an estrogen antagonist in breast and uterine tissues (Barrett-Connor, 2001) and, 

moreover, exert beneficial effects on postmenopausal osteoporosis (Cho and Nuttall, 

2001). In rats, this compound inhibits longitudinal bone growth (Evans et al., 1994) 

while in ovariectomized rabbits it acts as an estrogen agonist on the growth plate 

accelerating chondrocyte senescence and thereby hastening epiphyseal fusion (Nilsson 

et al., 2003b). However, Zirrilli and his colleagues (Zirilli et al., 2009) recently 

reported that, unlike in rats and rabbits, raloxifene do not accelerate epiphyseal fusion, 

but does enhance BMD and circulating levels of gonadotropins in aromatase-deficient 

humans. This lack of efficacy of raloxifene on growth plate ossification and 

mineralization in aromatase deficient humans may reflect their low serum 

concentrations of the drug, although there may also be species differences in this 

connection.  

1.3.5.3 Resveratrol: a phytoSERM 

The existence of phytoestrogens (plant compounds with estrogenic 

activity) has been known for more than 75 years (Bradbury and White, 1954). Despite 

their possible role as endocrine disrupters, in the past few decades phytoestrogens 

have become widely regarded as beneficial to human health, because of observations 

that populations whose diets contain high levels of such compounds have lower rates 

of certain estrogen-mediated conditions, such as cardiac disease, breast cancer, 

osteoporosis, and menopausal symptoms.  

trans-resveratrol, a polyphenolic compound, is produced in response to 

stress, injury and infection by a variety of plants, including peanuts, berries, red grapes 

where it is located in the skin and the Asian cane polygonum cuspidatum. Its structural 

similarity to the potent synthetic estrogen diethylstilbestrol suggested that trans-

resveratrol might be estrogenic, and, indeed, Gehm and coworkers (Gehm et al., 

1997) demonstrated that this compound can compete with labeled E2 for receptor 

binding, activate the expression of estrogen-regulated genes, and stimulate the growth 

of estrogen-dependent breast cancer cells. However the affinity of its binding to the 

ER is rather low  (Bowers et al., 2000). 
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 It competes with E2 for binding to ER in an extract from MCF-7 human 

breast cancer cells with an IC50 value of approximately 10 μM (Gehm et al., 1997) 

and, furthermore, binds to rat uterine ER with an IC50 value of 100 μM (Ashby et al., 

1999).  

Interestingly, it has been reported that resveratrol is able to show anti-

estrogenic effects via inhibition of aromatase P450, CYP19, enzyme in breast cancer 

cells in vitro (Wang et al., 2006). This compound inhibited aromatase activity with an 

IC50 value of 25 µM (Wang et al., 2006). 

However, it should be pointed out that when administered orally, 

resveratrol has low bioavailability (Bhat et al., 2001a; Crowell et al., 2004; Baur and 

Sinclair, 2006) and, therefore, relatively high doses must be administered in order to 

achieve such serum concentrations. At present, pharmacological doses of resveratrol 

should be avoided since this compound can cause life-threatening symptoms, including 

kidney damage (Crowell et al., 2004), at least in rats. 

 In growing rats resveratrol exhibits little or no agonistic estrogen 

influence on reproductive and non-reproductive tissues that are targets for estrogen and 

may, indeed, act as an estrogen antagonist (Turner et al., 1999). At the same time, it is 

well known that resveratrol displays numerous mechanisms of biological action, 

targeting a great number of pathways not involving estrogen receptors (Shakibaei et al., 

2009). 
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2 AIMS 

The general aim of the present project was to characterize different 

selective estrogen receptor modulators (SERMs) with regards to their effects on growth 

plate cartilage and bone growth. 

 

Specific Aims 

1. To examine the effect of tamoxifen on longitudinal bone growth in cultures of 

fetal rat metatarsal bones. 

 

2. To determine the in vivo effect of tamoxifen on bone growth in male rats. 

 

3. To characterize the influence of resveratrol on longitudinal bone growth both in 

vitro and in vivo. 

 

4. To establish cultures of postnatal rat metatarsal bones that enable studies of 

longitudinal bone growth.   
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3 METHODOLOGICAL CONSIDERATIONS 

3.1 MODEL SYSTEM 

3.1.1 A cell line (Paper I) 

The well characterized HCS-2/8 cell line was originally established from 

a human chondrosarcoma by Takigawa and his colleagues (Takigawa et al., 1989). To 

date, this is the only human chondrocytic cell line with in vivo-like phenotypes with 

respect to cartilage such as the ability to synthesize cartilage-specific proteoglycans 

and type II collagen. These cells proliferate with a doubling time of 3-4 days and after 

more than 3 weeks in culture, they form three-dimentional nodules.  

3.1.2 Organ culture of metatarsal bones (Papers I, III and IV) 

3.1.2.1 Fetal rat metatarsal bones 

Such organ cultures facilitate the study of the direct effects of various 

compounds including SERMs, in the absence of systemic factors. The unique feature of 

this model is that, as in the in vivo situation, chondrocytes in different phases of 

chondrogenesis are surrounded by cartilage matrix and have  direct contact with each 

other, something which is absent in cell lines in culture.    

Briefly, rudiments of metatarsal bones were collected from rat embryos at 

20 days of gestation (De Luca et al., 2001). The three middle metatarsals were 

dissected from the hind paw and, after removing soft tissues, transferred to 24-well 

plates, where they were cultured in 1 ml of phenol red-free DMEM/F12 medium 

supplemented with 0.2% BSA (endotoxin –free fraction V), 1 mM β-glycerophosphate, 

0.05 mg ascorbic acid per ml and 20 μg gentamicin per ml at 37
◦ 
C under a humidified 

atmosphere containing 5% CO2. The medium was changed every 2-3 days and bone 

length measured on the first day (designated as day zero) and 2, 5, 7, and 12 days later 

and thereafter, once every week until the end of the experiment. This model was 

employed in Papers I, III and IV included in this thesis. 

3.1.2.2 Postntal rat metatarsal bones 

It was of important to determine appropriate culturing conditions for 

postnatal bone growth in vitro, since such growth during fetal and postnatal life is 

regulated differently, at least in human. In this way, results obtained with this model 

might be more easily extrapolated to postnatal bone growth in vivo. A more detailed 

description of this model system is presented below in connection with the Results and 

Discussion concerning Paper IV.  
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3.1.3 Male Sprague-Dawley rats (Paper II) 

Clearly, the regulation of longitudinal bone growth in rodents and 

humans differs. For instance, the pubertal growth spurt in humans occurs prior to 

epiphyseal fusion, whereas in rats and mice no acceleration of growth or epiphyseal 

fusion occurs except very late in life, when the epiphyses of some, but not all growth 

plates fuse. 

Naturally, it is of importance to employ a model system for bone growth 

that is as similar as possible to the situation in humans when testing an estrogenic 

compound. We chose young male rats as the most suitable model for our study for the 

following reasons: rats metabolize tamoxifen administered orally in a manner similar 

to humans, whereas the metabolism of this drug by mice is quite different (Kisanga et 

al., 2003). The rats were used at four weeks of age which is considered to be pre-

pubertal. Female rats were not utilized, since after puberty their estrous cycle might 

confound the estrogenic activity of our compound. We could not choose rabbits, since 

the information available about the pharmacokinetics of tamoxifen, which allows 

identification of an appropriate dose, concerns rats and mice.  

For this experiment, four-week-old male Sprague Dawley rats were 

divided randomly into four different experimental groups, one of which received 

peanut oil for 4 weeks (the control) , the second and third tamoxifen (40 mg/kg/day) for 

one or 4 weeks, and the fourth group 17 β-estradiol (40 μg/kg/day) for 4 weeks. After 4 

weeks half of the animals in each group were sacrificed, while the remaining animals 

continued the study for another 14 weeks (see Figure 6). 

 

 

Figure 6: Schematic diagram illustrates the drugs and hormonal administration of tamoxifen (Tam) and 

estradiol (E2) 
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3.1.4 Ovariectomized New Zealand white rabbits (Paper III) 

In this investigation we utilized rabbits, since in this animal, as in humans 

estrogen promotes chondrocyte senescence and accelerates fusion of the growth plate. 

Information concerning treatment of rabbits with E2 that produces nearly physiological 

serum level (Weise et al., 2001) is also available. 

After being matched for body weight, sixteen-week-old ovariectomized 

rabbits were divided into 3 experimental groups: the control group received 7% 

ethanol/0.9% NaCl once daily by gavage, the resveratrol group 200 mg of this 

compound per kg per day, dissolved in 7% ethanol/ 0.9% NaCl and administered by the 

same route; and the estradiol cypionate group 70 μg of this hormone per kg once 

weekly by i.m. injection. After 7 weeks of such treatment, all of the animals in the E2 

group and 5 each in the control and RES groups were sacrificed and the remaining 

animals were treated for an additional 3 weeks. Throughout this study, all of the rabbits 

received a soy bean–free diet and tap-water ad libitum and were subjected to a 12-h 

light/dark cycle. Following sacrifice with a high dose of pentobarbital, blood and tissue 

samples were collected for subsequent analysis.  

3.2 ANALYSES OF BONE GROWTH AND STRUCTURE  

3.2.1 Dual X-ray absorptiometry (DXA) (Paper II) 

The two X-ray beams with differing energy levels employed to study 

bone density in particular also provide information concerning body composition 

(when soft tissue absorption has been subtracted out).  The BMD can be determined 

from the absorption of each beam by bone, which can also be used to evaluate bone 

length in the smaller animals (i.e., rats and mice). Femur length and bone mineral 

densities were evaluated with the Norland pDEXA Sabre and the SABRE RESEARCH 

software (Version 3.6; Norland Medical Systems, Fort Atkinson, WI) while the animals 

were anesthetized with isoflurane inhalation gas.  

3.2.2 Radiographic imaging (Papers II and III) 

X-ray is a non-invasive and rapid procedure commonly used to determine 

bone age in humans and growth rate in laboratory animals. Our animals were 

anesthetized by intramuscular injection of Ketamin (25 mg/kg) and Xylazine (5 mg/kg) 

and the bone fixed in a flat position with tape for optimal imaging. The bone was 

visualized at a distance of 1.0 m utilizing 50-kV and 8.0-mAs settings. (Papers II and 

III) 

http://en.wikipedia.org/wiki/X-ray
http://en.wikipedia.org/wiki/Energy_level
http://en.wikipedia.org/wiki/Soft_tissue
http://en.wikipedia.org/wiki/Bone_mineral_density
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3.2.3 Peripheral quantitative computed tomography (pQCT) (Papers II 

and III) 

Tomographic measurements were performed using the Stratec XCT 

Research M (software version 5.4B; Norland Medical Systems Inc.) adapted especially 

for examination of small bones. Cortical bone parameters, including the cortical 

volumetric BMD, the cortical cross-sectional area, the periosteal circumference, the 

endosteal circumference, the moment of resistance, and the cross-sectional moment of 

inertia, were determined in the mid-diaphyseal femur and tibia by such scanning. To 

evaluate trabecular volumetric BMD, metaphyseal pQCT scans of femurs and tibias 

were also performed. The trabecular region of bone was defined as the inner 45% of the 

total cross-sectional area and the inter-assay coefficients of variation for the pQCT 

measurements were less than 2%.  

3.2.4 Testing Mechanical properties (Paper II) 

The mechanical properties of the femur shafts were tested employing a 

three-point bending test. The press head bent the middle of the femur shaft at a 

constant rate of 0.155 mm/s until fracture occurred. Subsequently, mechanical 

parameters, including ultimate strength (maximal load in N) and the energy absorbed 

by the bone tissue, which represents structural toughness (area under the load 

deformation curve, Nm x 10
-3

), were calculated.  

3.3 QUANTITATIVE HISTOLOGY OF THE GROWTH PLATE (PAPER II 

AND III) 

Sections of the growth plate of distal femurs and/or proximal tibias 

obtained from in vivo studies were stained with Alcian blue/van Geison or Masson 

Trichrome and assessed using a light microscope connected to a digital camera and 

computer. All of the histomorphometrical parameters in the central two-thirds of each 

stained section were evaluated by an observer who did not know the source of the 

section. The height of the growth plate, numbers of proliferative and hypertrophic 

chondrocytes per column, ratio of proliferative chondrocytes to hypertrophic 

chondrocytes and size of the terminal hypertrophic chondrocytes were determined by 

analysis of digital images of the growth plate employing the Microimage
TM

 software 

version 4.0 (Olympus Optical Co., Hamburg, Germany). In this connection, 

chondrocytes larger than 7 μm were considered to be hypertrophic. All values 

presented are the means of at least 24 measurements on each individual growth plate.  
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3.4 MONITORING CELL PROLIFERATION  

3.4.1 Labeling 5-bromo-2΄-deoxyuridine (BrdU) (Papers I-IV) 

In our animal studies, chondrocytes replicating their DNA were identified 

on the basis of immunohistochemical detection of BrdU-labeled cells (employing the 

cell proliferation kit from Amersham Biosciences, Buckinghamshire, UK). Each animal 

received an intraperitoneal injection of BrdU (50 mg/kg) 2 and 16 hours prior to 

sacrifice and the number of BrdU-positive cells/unit was defined as the proliferation 

rate in the growth plate. Metatarsal bones cultured in vitro, were incubated prior to 

fixation for 2.5 hours with BrdU-labeling reagent (at 1:200 dilution in MEM medium; 

Cell Proliferation Kit RPN20, Amersham Biosciences, Buckinghamshire, UK) at 37
◦ 

C. Following fixation, decalcification and embedding in paraffin, 5-μm-thick sections 

were prepared. In this case the BrdU incorporated was detected with an anti-BrdU 

monoclonal primary antibody and anti-mouse IgG secondary antibody conjugated 

with horse radish peroxidase (HRP), in accordance with the manufacture’s protocol. 

In Paper I, we made the modifications of replacing the HRP-conjugated secondary 

antibody with a FITC-conjugated secondary antibody (green fluorescence) and 

counterstaining with DAPI (blue fluorescence).  

3.4.2 The WST-1 cell viability assay (Paper I) 

The reagent 4-[3-(4-iodophenyl)-2(4-nitrophenyl)- 2H-5-tetrazolio]-1,3-

benzene disulfonate (WST-1; Roche Diagnostics GmbH, Mannheim, Germany) 

allows convenient quantification of cell proliferation and viability, on the basis of 

cleavage of this tetrazolium salt by mitochondrial dehydrogenases in living cells. An 

increase in the number of viable cells is reflected in an increase in the overall level of 

this mitochondrial dehydrogenase activity. This assay was performed in accordance 

with the manufacturer's instructions. Thus, HCS-2/8 cells were cultured in 96-well 

plates and treated with various doses of tamoxifen in phenol red-free DMEM/F12 

medium supplemented with 1% CTS. Following such treatment, the WST-1 reagent 

was added at a final dilution of 1:10 and the reaction mixture incubated for 1 h at 37
°
 

C before determining the absorbance at 450 nm. 

3.5 DETECTION OF APOPTOSIS  

3.5.1 The TUNEL procedures (Papers I-IV) 

Terminal deoxynucleotidyl transferase (TdT)-mediated deoxy-UTP nick 

end-labeling is a method for labeling the terminal end of nucleic acids. The blunt ends 

of fragmented double-stranded DNA, which are considered to be a central feature of 

classic apoptosis. The TUNEL assay has been optimized for application to growth plate 
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tissue in our laboratory (Chagin et al., 2004). Incorporation of biotin-labeling 

nucleotides into the DNA of apoptotic cells, was assessed either with DAB or with 

streptavidin conjugated to Alexa Fluor® 546 (Invitrogen Inc.) and the number of 

positive cells/unit area determined. Subsequently, the slides were embedded in DAPI-

containing mounting medium (Vector Laboratories Inc.), and apoptotic chondrocytes 

detected as Alexa-546 positive cells (red fluorescence). 

3.5.2 Cell death ELISA (Paper I) 

The ELISA kit for detection of cell death allows the quantitative 

detection of histone-associated DNA fragments in mono- and oligonucleosomes 

(another marker for apoptotic cells). The advantages of this kit include its ability to 

assay many samples in a single run and its sensitivity and reproducibility in detecting 

apoptotic nucleosomes in cell lysates and tissue homogenates, while requiring fewer 

cells than other procedures. However, this method cannot distinguish apoptosis from 

necrosis.   

3.5.3 Double-labeling with Annexin-V and propidium iodide (Paper I) 

Apoptosis and necrosis are the two main modes of cell death. In 

apoptotic cells the structure of the plasma membrane, is altered such that 

phosphatidylserine (PS) is exposed at the extracellular surface. At the onset of 

apoptosis, this phospholipid is translocated to this exposed position, where it serves 

as a recognition signal for phagocytes. 

Annexins are a family of homologous proteins that bind phospholipids 

in the presence of calcium and are expressed ubiquitously. Following the 

redistribution of phosphatidylserine from the internal to the external membrane 

surface, Annexin V and its conjugates can interact strongly and specifically with this 

exposed phospholipid. 

Since it was of interest to distinguish between necrotic and apoptotic 

cells, the samples were also stained with propidium iodide (PI), a fluorescent dye 

which inserts into double-stranded DNA, but cannot cross cell membranes. As a 

result, necrotic cells and cells in late stages of apoptosis, with disrupted membranes 

are stained selectively by PI.  

3.5.4 Fluorometric assay for caspase activity (Paper I) 

The caspases are synthesized as inactive precursors and later activated 

through proteolytic cleavage, by other caspases, a process of considerable importance 

in determining cell survival. We assayed the activities of the initiator caspases-8 and -9 

and the executor caspase-3 employing the fluorogenic peptide substrates IETD, LEHD 
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and DEVD, respectively. These substrates are conjugated with 7-amino-4-methyl 

coumarin (AMC), which can be detected fluorometrically upon cleavage and release. 

3.6 DETERMINATION OF LEVELS OF PROTEIN EXPRESSION 

3.6.1 Immunohistochemistry (IHC) (Papers I-IV) 

The procedures utilizing specific antibodies to identify, localize and to a 

certain extent, quantify protein in the cells of a tissue section is referred to as 

immunohistochemistry. We employed this approach to detect the expression of type X 

collagen, parathyroid hormone-related peptide (PTHrP), Vascular Endothelial Growth 

Factor (VEGF) and Insulin-Like growth factor-I (IGF-I). However, first we had to do 

some troubleshooting. 

Sections of cartilage tissue, especially when obtained from in vivo studies 

are very difficult to work with since they can easily detach from the slides.    

In our hands, the use of coated glass slides did not solve this problem, but by 

employing ordinary Superfrost +/+ glass slides and indirect heating during antigen 

retrieval, the outcome could be improved. In detail, these slides were placed carefully 

on the bottom of beakers filled with sodium citrate buffer PH6 at 85
◦ 
C and heating at 

the same temperature continued in a water bath for 30 minutes. During the washing 

step we avoided using suction, the buffer was removed gently from the corner of the 

slide and the remainder of the moisture absorbed with a tissue.  

In all cases antigen retrieval was achieved by heating in sodium citrate 

buffer and/or enzyme treatments. To prevent or at least minimize unspecific binding, 

the tissue sections were incubated with 3% serum prior to addition of the primary 

antibody, which can be polyclonal or monoclonal, with the latter generally exhibiting 

greater specificity. It is also important to have both a positive control, i.e., a section of a 

tissue that is known to express the protein in question, and a negative control, i.e., a 

tissue section known to lack such expression. If necessary, a negative control can also 

be obtained by pre-incubation of the primary antibody with the appropriate peptide, 

replacement of the primary antibody with non-immunized serum and/or omission of the 

primary antibody. The second and third of these approaches are less reliable. The 

detailed immunohistochemical protocols employed for each protein are described in the 

Method and Methods section of the individual papers. 

3.6.2 Western immunobloting (Paper I) 

This approach, also known as protein immunoblot, is utilized to detect 

and achieve relative quantitation of specific proteins in a tissue homogenate or cell 

extract. We applied this technique to quantify the levels of expression of caspase-3, -8 

http://en.wikipedia.org/wiki/Polyclonal_antibodies
http://en.wikipedia.org/wiki/Monoclonal_antibodies
http://en.wikipedia.org/wiki/Proteins
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and -9, PARP, FasL, Bcl-xL, Bcl-xS and Bid by HCS-2/8 cells following treatment 

with tamoxifen. In each case an equal amount of protein was loaded (based on 

quantitation with a protein assay kit and confirmed by Coomasie Blue staining after the 

immunoblotting). The molecular weights of the bands obtained were determined by 

comparison to commercially available protein standards. 

3.7 HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY-TANDEM 

MASS SPECTROMETRY (LC-MS-MS) (PAPER II) 

LC–MS–MS allows rapid, selective, sensitive and reliable 

quantification of tamoxifen and its metabolites, 4OHtam, NDtam, NDDtam, tamNox, 

and 4OHNDtam. In brief, serum samples from both the animals administered 

tamoxifen and control animals were obtained by allowing blood to clot at room 

temperature for 30 min, prior to centrifugation, and transfer of the serum supernatant 

to plastic vials. Serum proteins were removed by precipitation with acetonitrile prior 

to application of LC-MS-MS. In the case of cartilage the samples were first cut into 

small pieces, disrupted in ice-cold, 50 mM Tris-Cl, pH 7.4, with an ultrasonic 

homogenizer and centrifuged prior to assaying the resulting supernatant in the same 

manner. Deuterated-tamoxifen (D5tam) was added as an internal standard to all 

samples (Gjerde et al., 2005). 
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4 RESULTS AND DISCUSSION 

4.1 TAMOXIFEN INHIBITS LONGITUDINAL BONE GROWTH 

PERMANENTLY IN VITRO (PAPER I) 

Although tamoxifen, a first generation SERM, is already used to treat 

precocious puberty in patients with Mc-Cune Albright syndrome and boys with 

pubertal gynecomastia, the consequence of such treatment for growth has been 

controversial. Therefore, we employed the human chondrocytic cell line HCS-2/8 and 

fetal rat metatarsal bones to examine whether tamoxifen can directly affect 

chondrocytes and, as a result, longitudinal bone growth. 

Tamoxifen retarded the growth of fetal rat metatarsal bones in a dose-

dependent fashion, with even short-term treatment (5 days) abolishing growth 

completely. The TUNEL assay revealed that apoptotic cell death in these cultured 

metatarsal bones was limited to the resting and hypertrophic zones. Moreover, assay of 

cell proliferation with BrdU showed a dramatic reduction in the rate of this process, 

especially among chondrocytes in the resting zone. Tamoxifen also induced a time- and 

dose-dependent enhancement of apoptosis in the HCS-2/8 cell lines, a process mediated 

by activation of caspases. Moreover, tamoxifen stimulated the release of FasL from this 

chondrocytic cell line, which in turn activates Fas-mediated apoptosis. 

The lowest dose of tamoxifen tested here, which is close to the serum 

concentration in patients treated with this drug (Robinson et al., 1991), resulted in 

permanent growth inhibition. The growth rate of patients with pubertal gynecomastia 

and Mc-Cune Albright syndrome is attenuated by tamoxifen (Eugster et al., 2003; 

Lawrence et al., 2004) while in boys with short stature tamoxifen decreases the rate of 

skeletal maturation and enhances the predicted adult height (Kreher et al., 2005). The 

discrepancy between these studies might reflect the use of heterogeneous groups of 

patients of different ages and stages of sexual maturation. Furthermore, in 

gonadectomized rats, but not those with intact gonads tamoxifen causes growth 

retardation (Li et al., 1996; Fitts et al., 2004; Perry et al., 2005), whereas in female 

mice, on the other hand, the same drug has been reported to stimulate bone growth 

(Perry et al., 2005). It is important to emphasize that all of these animal experiments 

were performed with serum concentrations of tamoxifen that were much lower than 

those in patients treated with this drug, a fact which might explain, at least in part, the 

discrepancies in the findings by different groups. It is also necessary to keep in mind 



 

36 

that the metabolism of tamoxifen in mice differs significantly from that in rats and 

humans (Robinson et al., 1991; Kisanga et al., 2003).         

In an attempt to elucidate the mechanism underlying growth retardation 

by tamoxifen, chondrocyte proliferation, apoptosis and differentiation in fetal rat 

metatarsal bones exposed to tamoxifen were assessed. This drug induced massive 

apoptosis in resting and hypertrophic chondrocytes (Fig 3 in Paper I), as well as a 

clear reduction in the rate of proliferation among chondrocytes in the resting zone 

(Fig 3 in Paper I). Moreover, expression of type X collagen, a marker for 

differentiation, was significantly reduced. The late growth inhibitory effect of 

tamoxifen on fetal rat metatarsal bones also suggests that stem-like chondrocytes are 

eliminated and fewer cells thus recruited to the proliferative zone.  

To further characterize the molecular mechanisms involved in triggering 

tamoxifen-induced apoptosis, activation of caspase-3, -8 and -9 was monitored. 

Activation of caspase-8 was detected after as little as 6 h of tamoxifen treatment, 

whereas activation of caspase-9 occurred after 12 h. This early activation of caspase-8 

in chondrocytes indicates that tamoxifen-induced apoptosis involves the Fas/FasL 

pathway. We also made the novel finding that tamoxifen induced FasL release from 

the chondrocytes, which in turn would be expected to activate Fas-mediated 

apoptosis. Our findings here are supported by the reports that similar concentrations 

of tamoxifen induce activation of the Fas-pathway in osteoclasts (Wu et al., 2005) 

and glioma cells (Moodbidri and Shirsat, 2005) as well. 

Indeed, the inhibitory effect of tamoxifen on the elongation of fetal rat 

metatarsal bones in culture appears to be irreversible. However, we know that in vivo 

different factors and compensatory mechanisms are involved and thus further 

investigation is required to confirm our present in vitro findings. 

4.2 TAMOXIFEN IMPAIRS BONE GROWTH IN GROWING RATS (PAPER 

II) 

Our previous demonstration that tamoxifen permanently inhibits the 

growth of fetal rat metatarsal bones in culture raises concerns about potential long-

lasting negative side-effects of tamoxifen on bone physiology and linear growth. 

Accordingly, four-week-old male Sprague-Dawley rats were gavaged daily with 

vehicle alone (peanut oil), tamoxifen (40 mg/kg/day for 1 or 4 weeks) or estradiol (40 

μg/kg/day for 4 weeks). After 4 weeks of this regimen, five of the 10 rats in each group 

were sacrificed and the other five allowed to recover for 14 weeks. Bone growth was 
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monitored by repeated DXA scans, while other bone parameters and spine length were 

evaluated by pQCT and X-ray at the time of sacrifice.  

This four-week treatment of male rats with tamoxifen significantly 

reduced their body weight, nose-anus distance, spinal and tibial bone lengths, height of 

the growth plates, mineral density of trabecular bone, circumference of the  cortical 

periosteum, and bone strength, as well as decreasing serum levels of IGF-I. Analysis of 

the tibial growth plate of the treated rats revealed enhanced chondrocyte proliferation 

(BrdU) and apoptosis (TUNEL), along with reductions in the number of hypertrophic 

chondrocytes and in the size of terminal hypertrophic chondrocytes. Despite complete 

restoration of body weight after 14 weeks of recovery, the tibia was still shorter 

(p<0.001) and its cortical region smaller. 

The motivation for using rats in this investigation was that these animals 

metabolize tamoxifen in a manner similar to humans (Kisanga et al., 2003), although 

only after oral administration (Kisanga et al., 2003). The metabolism of this drug by 

mice is quite different, which may explain the striking difference between the present 

responses of our rats to tamoxifen and the stimulatory effect of this drug on bone 

growth observed in mice (Perry et al., 2005). We attempted to achieve serum 

concentrations of tamoxifen and its metabolites similar to those in patients receiving 

this drug.  When tamoxifen has been used to treat boys with pubertal gynecomastia or 

to limit estrogenic action in patients with McCune-Albright Syndrome, the doses 

administered have ranged between 20-40 mg/day (Ferlini et al., 1999; Eugster et al., 

2003) and such doses have been reported to result in serum concentrations of 10-150 

ng/ml (Lien et al., 1991). Here, the mean serum level of tamoxifen in our treated rats 

(25ng/ml) was thus comparable to the lowest concentrations observed in such patients. 

Moreover, the serum concentrations of tamoxifen metabolites detected here were 

similar to the lowest levels observed in patients treated with tamoxifen (Robinson et al., 

1991). 

 In this investigation we demonstrated for the first time that tamoxifen 

reduces the height of the growth plate (Fig 5A and 5B in Paper II) and thereby 

attenuates axial and appendicular bone growth in young SD rats (Fig 7A and 7B). In 

line with these findings are those of the recent pilot study by Kreher and colleagues 

(Kreher, 2009)  who treated growth hormone-deficient patients with tamoxifen in 

attempt to enhance predicted adult height. After one year of treatment, the predicted 

adult height was less than for the control group, although this difference was not 

statistically significant because of the small number of patients involved. 
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We also observed a decrease in food intake, followed by reductions in 

body weight and serum levels of IGF-I in tamoxifen-treated rats, suggesting that the 

retardation of bone growth may occur systemically via the GH/IGF-I axis. However, 

the elevation in apoptotic cell death (Fig 5K and 5L in Paper II) at the level of the 

growth plate, as well as the accumulation of tamoxifen and its active metabolites in the 

growth plate indicate that local inhibition of longitudinal bone growth is involved as 

well. In support of this conclusion, we showed that even after 14 weeks of recovery, 

when body weight and serum IGF-I had returned to control levels, spinal, and femur 

lengths were still shorter and cortical bone size reduced in the treated animals.   

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 
Figure 7.  Nose-anus distance (A) and femur length (B) in rats treated with the vehicle alone (peanut 

oil=Control); tamoxifen (40 mg/kg/day) for 1 week followed by vehicle for 3 weeks (Tam 1-wk); the 

same dose of tamoxifen for 4 weeks (Tam 4-wk); or 17β-estradiol (E2; 40 µg/kg/day) for 4 weeks and 
thereafter allowed to recover for 14 weeks. The values shown are means ± SE (n = 9-10 for the first 4 

weeks and n=5 thereafter). 
a
p<0.05, 

b
p<0.01, 

c 
p<0.001 as compared to the control values. Difference 

between control and treated groups were evaluated by one-way ANOVA followed by Holm-Sidak post 

test.  

 

However, in contrast to our previous findings on cultured metatarsal 

bones (Chagin et al., 2007), we observed here a partial “catch-up” of longitudinal bone 

growth following 14 weeks of recovery by animals treated previously with tamxifen, a 

phenomenon associated with enhanced chondrocyte proliferation (Fig 7A and 7B). The 

occurrence of catch-up growth following exposure to tamoxifen in vivo, but not in vitro 

suggests compensatory up-regulation of systemic factors that promote longitudinal 

bone growth in the intact animal. However, catch-up growth of cortical bone does not 

occur, even after short-term (1-week) treatment with tamoxifen, indicating that bone is 

more susceptible than growth plate cartilage to the inhibitory effects of this drug.  
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We propose that in our model system tamoxifen blocks ERα-mediated 

actions in the bone, since the phenotype of our treated rats is very similar to that of 

male knock-out mice lacking ERα (Vidal et al., 2000), which also exhibit reduced 

serum levels of IGF-I (Vidal et al., 2000). However, we found earlier that tamoxifen 

induces apoptosis in a human chondrocytic cell line via non-genomic mechanisms and, 

moreover, that the non-selective ER antagonist ICI 182,780 was not able to prevent this 

process (Paper I). Here, we further confirm that tamoxifen enhances chondrocyte 

apoptosis, indicating that its skeletal effects involve both genomic and non-genomic 

mechanisms. 

In conclusion, tamoxifen inhibits longitudinal bone growth in young male 

rats, an effect associated with elevated chondrocyte apoptosis, narrowing of the tibial 

growth plate and a reduction in the serum level of IGF-I. We also report here that 

tamoxifen causes a persistent reduction in cortical bone size as a result of attenuated 

periosteal and endosteal growth of the cortical bone. These findings suggest that if 

administered to growing children, tamoxifen may diminish their growth potential as 

well as increasing their risk for bone fractures. 

4.3 RESVERATROL DELAYS GROWTH PLATE FUSION AND IMPROVE 

BONE GROWTH IN RABBITS (PAPER III) 

The effect of trans-resveratrol (3, 5, 4΄-trihydroxystilbene), a 

phytoSERM, on longitudinal bone growth were studied both in cultures of fetal rat 

metatarsal bones and in ovariectomized rabbits. Sixteen-week-old ovariectomized New 

Zealand white rabbits were divided by weight and matched into three groups: The 

control group was gavaged daily with 7% ethanol in 0.9% NaCl; The resveratrol 

received this drug (200 mg/kg) in the same vehicle by the same route; and the estrogen 

group received intramuscular injections of estradiol cypionate (70 µg/kg/week) in 

sesame oil, all for 7 or 10 weeks. Axial and appendicular bone growth were monitored 

by X-ray once every two weeks while other bone parameters were evaluated by pQCT 

following sacrifice. Histomorphometrical analysis, measurement of the rate of cell 

proliferation, and immunohistochemical staining for VEGF were performed on 

paraffin-embedded sections prepared from the growth plate.  

After 4 weeks of treatment, X-ray imaging revealed that all of the distal 

tibia growth plates were fused in all rabbits receiving E2, while 6% were open in the 

control group and 57% in the animals treated with resvertarol. After 7 weeks, the distal 

femur was open in all animals receiving resveratrol, whereas 90% and 60% of the 

animals in the control and E2 groups, respectively, still had an unfused growth plate at 
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this site. After 10 weeks, only 10% of control rabbits exhibited an open growth plate at 

this same site, while 33% of those receiving resveratrol still had an open growth plate. 

The proximal tibia, which was open at 7 weeks in all of the experimental groups, was 

closed in 50% of the control rabbits, but still open in all those treated with resveratrol 

after 10 weeks. 

These observations were confirmed by histomorphometrical analysis of 

the growth plates. Analysis of sections stained with Masson-trichrome after 7 weeks 

revealed a significantly wider growth plate in resveratrol-treated than in control or 

estradiol-treated rabbits (Fig 8A, 8B and 8C). Furthermore, this enlargement of the 

growth plate was associated with a larger number of hypertrophic chondrocytes, a 

decreased rate of chondrocyte proliferation, and larger terminal hypertrophic cells. 

Expression of VEGF in the growth plate of resveratrol-treated rabbits was markedly 

suppressed. After 7 weeks of treatment, axial bone growth was accelerated by 

resveratrol and the spine length significantly exceeded that of control animals. After 10 

weeks, the femur length in resveratrol-treated animals was also enhanced significantly 

(p<0.05). As expected, treatment with E2 reduced the growth of the tibial bone and 

elevated cortical bone density. In contrast, trabecular and cortical bone densities were 

unaffected by resveratrol. 

Studies in cultured fetal rat metatarsal bones verified a growth 

stimulatory effect of a low concentration of resveratrol (300 nM) confirming a local 

action of this drug in the growth plate. 

Here, we document the novel finding that resveratrol stimulates growth 

plate cartilage, both in vitro and in vivo. In ovariectomized rabbits, this compound 

stimulated the growth of both axial and appendicular bone, without affecting the serum 

level of IGF-I. The treated rabbits had enlarged growth plates, an elevated number and 

size of hypertrophic chondrocytes, and a reduced both the rate of chondrocyte 

proliferation and the level of VEGF expression.  

The dose of resveratrol employed here was chosen on the basis of the 

extremely low bioavailability of resveratrol (Bhat et al., 2001b; Crowell et al., 2004; 

Baur and Sinclair, 2006) in combination with available information concerning dosages 

in rodents (Bhat et al., 2001b; Crowell et al., 2004). In this investigation we 

demonstrate for the first time that resveratrol at the dose tested stimulates bone growth 

without affecting body weight or serum levels of IGF-I, suggesting local influence on 

the growth plate. However, despite enlarged growth plate and increases in the numbers 

and size of hypertrophic chondrocytes, the growth rate of long bones was not altered.  



 

  41 

 

Figure 8: Representatives Masson-Trichrome-stained sections of the distal femur growth plate of control 

(A), resveratrol-treated (B) and estradiol-treated (C) rabbits. The bars represent a length of 500 µm. 

 

To further elucidate the mechanism underlying the attenuation of 

chodrocyte proliferation in the rabbit growth plate by resveratrol (Fig 3A and 3B in 

Paper III), we determined the expression of VEGF, one of the important factors 

involved in endochondral ossification. It has been shown that systemic administration 

of a soluble VEGF receptor to young mice results in almost complete suppression of 

invasion of the growth plate by blood vessels, with concomitant impairment of 

trabecular bone formation and expansion of the zone of hypertrophic chondrocytes 

(Gerber et al., 1999). When paraffin-embedded sections of rabbit femur were examined 

immunohistochemically, VEGF, was seen to be expressed at high levels by 

hypertrophic chondrocytes, but only slightly in the resting and proliferative zones of 

control and E2-treated rabbits, and profoundly less in general in the resveratrol-treated 

animals (Fig 3D-3F in Paper III). This observation suggests that resveratrol may 

interfere with angiogenesis in the bone, which might explain how this compound 

affects both the morphology of the growth plate and bone growth. 



 

42 

In our opinion, the increase in femur length observed here would have 

been even more pronounced after longer periods of time, since after 10 weeks the distal 

femur growth plate was unfused in more of the resveratrol-treated animals. Although 

no significant effect on the rate of tibia growth by resveratrol was observed, there was a 

trend towards acceleration of this rate from week 7 until the end of the study period. 

This is in agreement with the fact that 100% of rabbits growth plates in resveratrol-

treated animals, but only 60% of those in control rabbits remained unfused after 10 

weeks.  

Our findings strongly suggest that if the experiment had been prolonged, 

the resveratrol-treated animals would have developed longer bones, since at the end of 

our study period a reasonable number of the control animals had achieved their final 

height with fused growth plates and the rest exhibited narrower growth plates than the 

resveratrol group. Therefore, we propose that resveratrol can potentially improve bone 

elongation, at least in part, by partially inhibiting expression of VEGF in the growth 

plate.  

4.4 CATCH-UP GROWTH OCCURS IN POSTNATAL RAT METATARSAL 

BONES CULTURED IN VITRO (PAPER IV) 

These experiments were designed to determine appropriate conditions for culturing 

postnatal bones. Although cultures of fetal rat metatarsal bone provide a unique and 

well-established model system for studying longitudinal bone growth (De Luca et al., 

2001) it is important to be cautious in interpreting the results obtained and making 

extrapolation to patients, since fetal and postnatal bones growth are regulated 

differently.  

“Catch-up” growth refers to accelerated linear growth during recovery 

from growth inhibition. We developed a protocol for long-term culture of fetal (E20), 

as well as postnatal (P8) rat metatarsal bones that allowed us to characterize “catch-up” 

growth in vitro free from the influence of any systemic factors. Using this system we 

found that the growth of both E20 and P8 bones is stimulated by insulin-like growth 

factor-I (100 ng/ml) and inhibited by dexamethasone (Dexa; 1 μM). However, 

following 7 or 12 days treatment with dexamethasone and a recovery period of 4-5 

months, “catch-up” growth clearly occurred in P8, but not in E20 bones. At the same 

time, with a longer period of treatment (19 days) prior to 4 months of recovery, the 

length of both types of bone was compromised.  

Dexamethasone is a well-known and extensively characterized 

inhibitor of growth. This compound exerts its inhibitory effect both systemically, 
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through down-regulation of the GH/IGF-I axis, and by direct inhibition of chondrocyte 

proliferation and mineralization and enhanced apoptosis (van der Eerden et al., 2003; 

Mushtaq et al., 2004; Nilsson et al., 2005). These direct effects are believed to be 

partially due to down-regulation of the GH receptor and/or the IGF-I receptor in the 

growth plate (van der Eerden et al., 2003; Nilsson et al., 2005). 

The role played by dexamethasone in connection with “catch-up” 

growth is poorly understood. It was first proposed by Tanner in 1963 that “catch-up” 

growth represents an adjustment of the mismatch between actual and target size by 

accelerating growth rate through neuroendocrine mechanisms (Tanner and O'Keeffe, 

1962). Three decades later, this proposal was challenged by the observation by Baron 

and his colleagues (Baron et al., 1992; Baron et al., 1994) that partial “catch-up” 

growth of only one leg of a rabbit occurred in response to local infusion of 

dexamethasone into the growth plate of that leg. However, the relative contributions of 

systemic and local processes during “catch-up” growth remained unclear, and there 

have been a need for an appropriate in vitro model to address this question. 

  

  

 

Figure 9.  Metatarsal bones dissected from rat embryos on day 20 of gestation (E20) (A) or from 8-day-

old rats (P8) (B) were cultured ex vivo in DMEM/F12 medium in the presence (□) or absence (●) of Dexa 

(Dexamethasone, 1 µM). Dexa was present in the treated cultures during the first 12 days (Dexa12), after 

which, the bones were washed with PBS and cultured without this compound.  Growth velocity (A, B) 

was measured after 2, 5, 7, and 12 days in culture and, thereafter, once a week. Data represent means ± 

SE. ***p<0.001 in comparison to the corresponding control value. The unpaired Student’s t-test was used 

to calculate statistical differences between two groups.  
 

Here, we employed supplemented DMEM/F12 medium, which has 

proven to be superior to other media for organ culture in our laboratory (Mårtensson et 

al., 2004; Chagin et al., 2007; Heino et al., 2008). Under these serum-free conditions 

both E20 and P8 bones grow for as long as 5 months, in contrast to the previous belief 

E20 P8 
A B 
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that postnatal bones do not grow ex vivo (Scheven and Hamilton, 1991; Coxam et al., 

1996). In comparison to E20 bones, both the growth rate and chondrocyte proliferation 

of P8 bones declines more rapidly in culture. This difference might referred the fact that 

chondrocytes from P8 bones are more aged than E20 chondrocytes (the senescence 

hypothesis) (Baron et al., 1994) and thereby exhibit less capacity for proliferation. 

Interestingly, in our cultures the growth rate of these bones did not approach zero, 

confirming the suitability of our culture conditions. Surprisingly, even after being in 

culture for a long period, both types of bone still responded to stimulation by IGF-I.  

Upon exposure to dexamethasone, the growth of P8 bones ceased almost 

completely, whereas the E20 bones continued to grow at a reduced rate (Fig 9A and 

9B). In contrast, the P8 bones recovered more effectively than the fetal bones from 7 or 

12 days of dexamethasone treatment. After two weeks of recovery, the growth rate of 

the former exceeded the control rate (Fig 9A and 9B) and after 5 months, these P8 

bones had attained the same length as the control bones. However, following prolonged 

exposure to dexamethasone (19 days) the growth of P8 bones remained retarded even 

after months of recovery. 

These findings are in agreement with clinical observations that short-term 

treatment of children with dexamethasone is followed by full “catch-up” growth, 

whereas prolonged exposure results in incomplete “catch-up” growth and compromised 

adult height (Mosier et al., 1972; Strickland et al., 1972). The key underlying 

mechanism for “catch-up” growth during 5 days of recovery in our model involved 

elevated cell proliferation. However, chondrocyte differentiation, which was attenuated 

by dexamethasone, did not return to normal during the recovery period. 

Thus, in this investigation we showed for the first time, employing an in 

vitro model system, that “catch-up” growth following dexamethasone treatment is 

regulated locally at the growth plate. Interestingly, the local level of IGF-I, which was 

previously proposed to be the regulator of this “catch-up” growth (van der Eerden et al., 

2003), played no significant role in our cultures. 
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5 CONCLUSIONS 

The studies included in this thesis clearly show that SERMs influence 

growth plate cartilage, the growth of longitudinal bones and bone structures. First, the 

effects of tamoxifen, a well-known first generation SERM, on the growth of fetal rat 

metatarsal bones in culture was charactrized. The massive apoptosis, specifically in 

stem-like resting chondrocytes in the growth plate cartilage, and permanent growth 

arrest observed motivated us to investigate the effects of this drug in vivo, using an 

appropriate animal model and proper dose. 

Indeed, clinically relevant concentrations of tamoxifen persistently 

retarded the growth of longitudinal and cortical radial bones in young male rats. This 

inhibition involved both local effects on the growth plate and systemic suppression of 

serum levels of IGF-I. 

Thereafter, we examined resveratrol a novel SERM, that due to its 

promising effects in animal models of different human diseases has been studied 

extensively in recent years. Interestingly, this compound exerted a biphasic effect on 

the growth of fetal rat metatarsal bones in culture, stimulating this growth at low 

concentrations and inhibiting at high concentrations. In vivo, the dose tested improved 

both axial and appendicular bone growth without altering serum levels of IGF-I, an 

effect that was associated with partial inhibition of the local expression of VEGF and 

delayed growth plate fusion. 

Finally, we developed a system for culturing postnatal rat metatarsal 

bones that is valuable for studying bone growth. This model system will enable us to 

examine postnatal bone growth in vitro following exposure to SERMs, potentially 

aiding the development of future treatment strategies designed to ameliorate growth 

disorders.  
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