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ABSTRACT 

Osteoporosis is a multifactorial disorder associated 

with low bone mass and enhanced skeletal fragility. 

Although most prevalent in older females, some men 

are also at high risk. Risk factors in men and women 

include smoking, family history of fracture, age greater 

than 65 years, and low but also high BMI particularly 

in men.  Secondary causes of osteoporosis include 

chronic treatment with glucocorticoids, gastrointestinal 

disorders, diabetes mellitus (T1D, T2D), rheumatoid 

arthritis, liver disease, gluten enteropathy, multiple 

myeloma and other hematologic disorders.  However, 

primary osteoporosis is most often related to either 

postmenopausal estrogen loss or age-related 

deterioration of skeletal microarchitecture; both are 

due to uncoupling in the bone remodeling unit. 

Reduced bone formation with age is almost certainly a 

function of impaired stem cell differentiation into the 

osteoblast lineage with a resultant increase in marrow 

adipogenesis. Increased bone resorption also 

characterizes most forms of osteoporosis but the 

etiology is multifactorial. Changes in local and 

systemic growth factors are often responsible for 

uncoupling between resorption and formation. 

However, alterations in peak bone acquisition 

contribute years later to low bone mass and enhanced 

skeletal fragility. Fracture risk assessment tools (e.g. 

FRAX) in handheld apps and computers which 

combine bone density score and risk factors, have 

provided rapid assessments of future osteoporotic 

fractures and can be performed at the bedside. Newer 

methods of measuring bone quality have led to 

insights into micro-architectural deterioration that 

contributes to skeletal fragility. Notwithstanding, low 

areal bone mineral density by DEXA remains the 

strongest predictor of subsequent fracture beyond 

age, and this is potentially measurable in everyone 

after age 65.  

INTRODUCTION 

Osteoporosis is a disorder characterized by reduced 

bone mass, impaired bone quality, and a propensity to 

fracture. For decades, this disease was considered a 

syndrome characterized by back pain, vertebral 

fractures, and osteopenia on plain films. Identifying 

secondary causes of low bone mass was the principle 

objective of most clinicians. However, osteoporosis is 

now classified as a primary disorder of the skeleton 

related to profound metabolic changes not only in 

bone but also related to changes in whole body 

homeostasis. Significant progress has been made in 

both defining this disorder and in understanding its 

complex pathogenesis. In addition, a consensus has 

emerged concerning the strength of the association 

between low bone mineral density and fracture risk, 

and the importance of qualitative aspects of the 

skeleton, as additional risk determinants.  

Dual energy x-ray absorptiometry (subsequently 

referred to as DEXA) revolutionized our ability to 
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predict fractures in large numbers of subjects by 

measuring areal bone mineral density (subsequently 

referred to as BMD).  Virtually all population studies 

have confirmed that for every one standard deviation 

below young normal mean bone mineral density (at 

virtually any skeletal site) there is a nearly two-fold 

greater risk of a subsequent hip fracture (1). Some 

clinicians, as well as the WHO and the National 

Osteoporosis Foundation define osteoporosis purely 

on a bone mineral density (BMD) T-score more than 

2.5 standard deviations below young normal reference 

ranges for the spine, hip or radius (2). Although this 

"bar" has been used to establish prevalence estimates 

and to define high risk individuals who should be 

considered for treatment, it is also evident that even 

this definition demands a better understanding of the 

pathophysiologic processes that result in low bone 

mass, and a more thorough review of 'bone quality'. 

Indeed, despite the strength of the association 

between BMD and fracture risk, qualitative 

measurements of the skeleton, such as bone turnover, 

mineralization, and trabecular connectivity also 

contribute to risk. In this chapter, the mechanisms 

responsible for altering bone microarchitecture and 

strength in such a way as to enhance the likelihood of 

fragility fractures will be reviewed. Irrespective of the 

epidemiology and pathogenesis of osteoporosis, the 

stark fact remains that this disease has significant 

morbidity, mortality, and economic costs. Just as 

importantly, understanding how this disorder develops 

and progresses, has important socio- economic as 

well as medical consequences. 

 

EPIDEMIOLOGY OF OSTEOPOROSIS 

 

Estimating exactly how many women have 

osteoporosis depends on the working definition of this 

disease and the appropriate diagnostic criteria (3). 

Prior to the widespread application of DEXA, 

osteoporosis was rarely diagnosed and then only in 

women with symptomatic vertebral fractures or 

osteopenia noted by x-ray for other reasons. Indeed, 

for too long, hip fractures, the end point of this 

metabolic syndrome, were either written off as a 

consequence of aging, or ignored in respect to 

treatment. BMD measurements by DEXA and CT 

changed all that, especially when it became clear that 

a single BMD measurement at any site was a very 

strong predictor of future spine and hip fractures 

(1,2,4). As such, the definition of osteoporosis began 

to evolve, and estimates of how many people were 

affected also changed. When the World Health 

Organization (WHO) set a cut off point of 2.5 standard 

deviations below a young normal mean value for BMD 

in the spine or hip of postmenopausal women, as an 

indicator of osteoporotic risk, estimates of disease 

prevalence increased (5). These were confirmed by 

publication of larger epidemiologic studies in women 

such as The Study of Osteoporotic Fractures (SOF) 

and MrOs, a large international cohort of men which 

provided better estimates of disease prevalence, 

onset and clinical course (4,6).  

 

Currently most estimates suggest that there are 

approximately 0.3 million hip fractures per annum in 

the U.S. and 1.7 million hip fractures in Europe (7,8).  

With the introduction of readily available treatments, 

and clear prevention messaging annual hip fracture 

rates in the early 2000s started to decline. However, 

by 2015 those rates had flattened out and were 

trending upwards, following widespread reporting of 

atypical femoral fractures in patients treated with 

bisphosphonates and denosumab. Virtually all hip 

fractures can be attributed to osteoporosis, whether 

primary or secondary. Moreover, in most if not all 

cases, falls are a primary event leading to the fracture. 

The female to male ratio of hip fractures is 

approximately 2:1.0 (6,9). Not surprisingly, the 

occurrence of these fractures increases exponentially 

with age. In contrast, the incidence of wrist fractures in 

the UK and the US ranges from about 400- 800 per 

100,000 women but is relatively stable over several 

decades of older life (9). Women are far more likely to 

suffer a Colle's fracture than a man (i.e. a ratio 

upwards of 10:1 by age 75) (9). Compression fractures 

of the vertebrae are much more difficult to estimate 
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because often these can be asymptomatic. Best 

estimates are that more than a million American 

postmenopausal women will suffer a spine fracture in 

the course of a single year (9-11). The female to male 

ratio of occurrence is approximately 2:1. Moreover, 

both symptomatic, and radiographic (morphometric) 

fractures are associated with significant morbidity and 

disability (10). Finally, estimates about disease 

prevalence in women and men without fractures, but 

with low BMD (-2.5 or lower) vary greatly, but place the 

overall number at close to 25 million Americans and 

many more world-wide (9,12). 

 

Bone loss as a result of aging/and or estrogen 

deficiency is the predominant pathophysiologic 

disorder of primary osteoporosis. However, the 

frequent use of glucocorticoids in both men and 

women, contribute dramatically to the total number of 

individuals with very low BMD and/or osteoporotic 

fractures (11). It is estimated that more than 5 million 

American men are afflicted with osteoporosis, based 

on either the presence of osteoporotic fractures (i.e. 

vertebral compressions, wrist fractures, hip fractures, 

or humerus/tibial fractures) or low BMD (11). However, 

the number of cohort studies in men with this disease 

is somewhat limited, and a more complete 

epidemiologic picture of male osteoporosis is 

becoming clearer with the MrOS study. Importantly, 

and somewhat surprisingly, in this cohort of more than 

5000 men over the age of 65, obesity was associated 

with a significantly increased risk of fracture (11-13). 

 

More frightening than estimates of the extent of low 

bone mass is the concern about the lower frequency 

of diagnosing osteoporosis and the poor adherence to 

therapy. It is now estimated that more than 70% of 

individuals who are at risk for osteoporosis, and who 

are receiving therapy, will not continue beyond the first 

year (14). Moreover, prescribing rates for 

bisphosphonates have fallen significantly due to the 

perceived risk of atypical femoral fractures (15,16). 

Whereas, osteoporosis was once considered a 

disorder of old Northern European women, it is now 

clear that this disease can occur in postmenopausal 

African Americans, that it is much more common in 

men than previously appreciated, and that the use of 

glucocorticoids and/or immunosuppressive therapies 

for transplant patients, markedly enhances that risk. 

Interestingly, and somewhat alarmingly although the 

prevalence of hip fractures has increased slightly, 

(possibly due to poor compliance from the perceived 

adverse events with anti-osteoporosis therapy) the 

diagnosis of osteoporosis by primary physicians has 

dropped. 

 

FACTORS THAT AFFECT BONE QUANTITY AND 

QUALITY 

 

Several risk factors predispose individuals to 

osteoporotic fractures. For a hip fracture, these 

include age greater than 65 years, a previous spine or 

hip fracture, maternal history of a hip fracture, poor 

neuromuscular function, weight loss after the age of 

50, and low body mass index (1,18) (See Table 1). 

Falls are a major cause of fractures, and in all clinical 

situations, some degree of trauma can be linked to the 

injury (19). But many osteoporotic patients suffer 

fractures with minimal trauma, and this feature is 

pathognomonic of the skeletal fragility which 

accompanies low bone mass. It is for this reason that 

the most significant risk factor for fractures of the 

spine, hip or wrist remains low BMD (20).  This 

association has been confirmed by use of the FRAX 

score (www.shef.ac.uk/frax) that includes areal BMD 

plus clinical risk factors including family history, BMI, 

smoking and use of glucocorticoids (21). The 

continuous but inverse relationship between BMD and 

fracture is consistent at all points below the mean 

suggesting there is no threshold effect (18,19). And, it 

is applicable at virtually every skeletal site by multiple 

types of measurements from the spine to finger to the 

calcaneus. Moreover, the advent of newer technology 

to measure bone mass has allowed widespread 

screening for risk as well as defining risk reduction with 

therapy. Notwithstanding the strength of the inverse 

relationship of BMD to fracture risk, it is important to 
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note that the presence of a previous fracture is also an 

extremely important, BMD-independent risk for 

subsequent fracture. This is relevant clinically since 

the recognition of fracture at any BMD defines a 

skeleton that has poor bone quality, and hence is likely 

to fracture again. 

 

Table 1. Phenotypic Characteristics that Adversely Affect Bone Strength 

Characteristic 

  

Recognized Risk 

Factor for Fracture 

  

Clinically Measurable 

  
Bone Mineral Density (areal) 

  

Yes 

  

Yes (DXA) 

  Bone Mineral Density 

(volumetric) 

  

Yes 

  

Yes (QCT) 

  
Microcracks 

  

No 

  

No (Histology) 

  Trabecular Connectivity 

  

Yes 

  

TBS (DXA) 

  Periosteal Circumference 

  

No 

  

Yes (pQCT/DXA) 

  Cortical Thickness 

  

+/- 

  

Yes (pQCT/DXA) 

  Bone Turnover 

  

Yes 

  

Yes (markers) 

  Previous Osteoporotic Fracture 

  

Yes 

  

Yes (radiograms or IVA) 

  
Mineralization and cortical 

porosity 

  

? 

  

No/yes (back scatter EM) and 

sometimes with high resolution microCT 

  See references 22-26  for more discussion about bone quality and its relationship to fracture risk. uCT- micro 

CT, pQCT- peripheral quantitative CT, DXA- dual energy X-ray absorptiometry, TBS-trabecular bone score.  

IVA- instant vertebral assessment- DXA scan for morphometric changes in the thoracic and lumbar spine. 

 

Bone mass measurement defines mineral content per 

area of bone. In the laboratory, bone density by DEXA 

is a very strong predictor of bone strength and 

accounts for about 80% of the variability in the 

breaking strength of a single femur. Thus, a very low 

BMD can be linked to increased skeletal fragility with 

a great degree of confidence.  Indeed, the FRAX tool 

has been independently validated as the most 

accurate tool to measure fracture risk and includes 

bone mineral density as a major component (21). But 

there are other determinants of bone strength, often 

referred to as qualitative measures, including the rate 

of bone turnover, the extent of trabecular connectivity, 

cortical and periosteal bone size, and skeletal 

morphometry (See Figure 1 and Table 1). Indeed, 

much progress has been made in quantifying several 

aspects of bone 'quality' utilizing tools such as single 

energy QCT of the spine/hip, ‘extreme’ CT (i.e. high 

resolution hr pQCT) of the radius or tibia (See Figure 

1), TBS (i.e. trabecular bone score), 

histomorphometry and magnetic resonance imaging 

of the radius (22-26). However, more work still needs 

to be done to ascertain their role in clinical medicine. 

Still, BMD represents the most accurate, cost 

effective, and easiest parameter for risk assessment 

(21). In part, two-dimensional DEXA measurements 

integrate actual bone mineral content in both 

trabecular and cortical compartments with bone size. 

Due to the strong association between bone mineral 

density and future fractures, this phenotype remains 

an excellent surrogate for defining both the genetic 

and acquired components of the disease process. 

TBS, (trabecular bone score) in the vertebrae, which 

can be measured from DXA, provides a relatively rapid 
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way of assessing bone quality, although its role in 

providing additional risk assessment remains to be 

determined (24

 

 

Figure 1. This is a high resolution QCT image of the distal radius of an individual patient. One can image 

the trabecular bone of the peripheral skeleton and define measures of bone “quality” by specific 

measurements. It is still not clear whether these measurements provide a better insight into fracture risk 

than DXA. 

BONE REMODELING AND ITS RELATIONSHIP TO 

BONE QUANTITY 

 

Adult bone mineral density represents the end result 

of two processes; acquisition of peak bone mass 

during adolescence and maintenance of bone mass 

during the middle and later years. Changes in bone 

mass result from physiologic and pathophysiologic 

processes in the bone remodeling cycle (25). This can 

occur during the stage of accelerated linear growth in 

adolescence, or much later in life, usually after 

menopause in women. The bone remodeling cycle is 

a tightly coupled process whereby bone is resorbed at 

approximately the same rate as new bone is formed. 

Basic multicellular units (BMUs) compose the 

remodeling unit of bone and include: osteoclasts 

which stimulate bone resorption, osteoblasts, which 

are responsible for new bone formation, and 

osteocytes, older osteoblasts surrounded by bone and 

present in a reduced state of activity (26) (See Figure 

2). Activation of the remodeling cycle serves two 

functions in the adult skeleton: 1) to produce a supply 

rapidly, as well as chronically, of calcium to the 

extracellular space; 2) to provide elasticity and 

strength to the skeleton. When the remodeling 

process is uncoupled so that resorption exceeds 

formation, bone is lost. On the other hand, during peak 

bone acquisition, formation exceeds resorption 

resulting in a net gain of bone. Remodeling is more 

pronounced in the trabecular skeleton (e.g. spine, 

calcaneus and proximal femur) due to much greater 

surface area, and is the most metabolically active 

component of bone, in part because of its proximity to 

the marrow space. However, trabecular bone is also 

extremely vulnerable to perturbations by local or 

systemic factors that can cause significant imbalances 

in bone turnover. 
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Figure 2. The bone remodeling cycle. The osteoblast (OB) orchestrates the orderly process of bone 

remodeling through activation signals from systemic factors including growth hormone (GH), 

interleukins (IL-1,IL-6), parathyroid hormone (PTH), and withdrawal of estrogen (-E2). M-CSF and RANKL 

are the two major OB mediated factors which regulate the recruitment and differentiation of the 

osteoclast (OC). Osteoprotogerin (OPG) is also synthesized by OBs and serves as a soluble decoy 

receptor blocking activation of RANK. Inhibition or knockout of these signals from OB-OC results in 

reduction in bone resorption. Other cells including activated T lymphocytes may contribute to the 

marrow milieu. Not pictured are IGFs  which are released during bone resorption and serve as coupling 

factors to recruit new OBs to the surface. These peptides may also be important for osteoclast activity. 

Also sclerostin, a peptide produced by osteocytes reduces new bone formation by blocking Wnt 

signaling. 

 

The initiation of the bone remodeling cycle remains 

unclear. The long-standing dogma was that activation 

of resting osteoblasts on the surface of bone and 

marrow stromal cells began the process (27-33). This 

would mean that there were initiating signals, either 

paracrine or endocrine that would stimulate 

osteogenesis. One possibility is that osteocytes, which 

can sense fluid shifts and microcracks, and are 

imbedded deep within the matrix of the skeleton, 

induce the remodeling sequence, by paracrine 

signaling to the osteoblast (27-29). But those same 

cells secrete factors that can initiate osteoclast 

differentiation as well as alter osteoblast mediated 

bone formation. Osteocytes, for those reasons, are 

now considered the ‘command and control’ system for 

remodeling. More recently, investigators believe that 

http://www.endotext.org/


 

 

 

 

www.EndoText.org 7 

RANKL, released from osteocytes as well as stromal 

cells, drives osteoclast differentiation, beginning the 

process of active resorption prior to osteoblast 

differentiation. This can occur as a result of hormonal 

signals or mechanical loading. Resting lining cells or 

osteoblast progenitors as well as mesenchymal 

stromal cells can become activated at the same time 

when osteoclast differentiation is ongoing. Those 

progenitors also signal to osteoclast precursors to 

induce further differentiation and induction of 

hematopoietic cells (29).  Osteoclasts, once 

differentiated, may also elaborate growth factors, such 

as the Wnts and sphingosine to signal back to 

osteoblast progenitors.  After osteoclast- induced 

bone resorption, matrix components such as TGF-

beta and IGF-I, as well as collagen, osteocalcin, and 

other protein and mineral components, are released 

into the micro environment of the niche. Growth 

factors released by resorption contribute to the 

recruitment of new osteoblasts to the bone surface, 

which begin the process of collagen synthesis and 

mineralization. But, in addition stromal factors such as 

the Wnts can induce further osteoblast differentiation 

via the LRP5/6 signaling pathway. In healthy adults as 

many as two million remodeling sites may be active at 

any given time, and it is estimated that nearly one 

fourth of all trabecular bone is remodeled each year. 

In general resorption takes only 10-13 days, while 

formation is much more deliberate and can take 

upwards of three months (Figure 2). Under ideal 

circumstances, by the end of the cycle, the amount of 

bone resorbed equals the amount reformed. 

Cessation of bone formation almost certainly occurs 

via osteocyte mediated sclerostin (see below) which 

blocks further Wnt signaling. In sum, remodeling 

begins at the surface of the trabecular and cortical 

bone via signals from the osteocytes, probably starting 

with osteoclast differentiation and then signaling 

backwards to osteoblasts, and vice versa. 

 

In contrast to normal remodeling, osteoporosis has 

been classically defined in a pathogenic manner as an 

uncoupling in which resorption exceeds formation 

resulting in a net loss of bone. However, it is also 

apparent that some individuals have impaired peak 

bone acquisition. This scenario may be more common 

than previously appreciated and almost certainly 

represents inherited or acquired alterations in the rate 

of either bone formation or bone resorption during a 

critical period when several hormones in synchrony 

orchestrate a marked increase in bone mass (see 

later). 

 

There are several key components of the remodeling 

cycle which are susceptible to systemic and local 

alterations and when perturbed, can lead to 

deleterious changes in bone mass. In particular, 

activation of remodeling via the osteoblast, and 

recruitment of osteoclasts, represent the two most 

vulnerable sites in the cycle. A third cell, altered by 

disease states is the osteocyte, an entombed fully 

differentiated osteoblast that connects to the surface 

osteoblasts, and likely senses mechanical stimulation. 

Osteocyte apoptosis may contribute to age-related 

osteoporosis either directly or through the elaboration 

of systemic peptides. Interestingly, remodeling may 

end with the osteocyte as well, since it produces a 

protein, sclerostin, which inhibits osteoblast activity by 

antagonizing the Wnt and BMP pathways (see below) 

(34).  Monoclonal antibodies that bind to sclerostin 

have been developed and one (e.g. romosozumab) 

has been approved for the treatment of 

postmenopausal osteoporosis (35-36). That 

monoclonal antibody enhanced bone formation, 

increased bone mineral density by 13-15% at one 

year, suppressed bone resorption (via Wnt mediated 

RANKL), and reduced overall fractures of the spine 

(32). Finally, one could consider macrophages to have 

an important role in remodeling, since these cells are 

present in the bone marrow niche and respond to 

injury with inflammatory cytokines and immune 

modulators (37).  On the other hand, the bone marrow 

niche may be protected against macrophage induced 

cytokine release due to a protective ‘canopy’ of lining 

cells, although recent evidence suggests that there is 

a pro-inflammatory response in the marrow with 
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certain perturbations such as diet induced obesity or 

aging (29).  

 

Uncoupled remodeling occurs during menopause, 

with estrogen deprivation or antagonists, or in 

response to endogenous parathyroid hormone fluxes, 

cytokine stimulation, growth hormone surges, 

glucocorticoid excess, or changes in serum calcium. 

For the most part, estrogen deprivation remains one of 

the most common and critical elements in shifting 

resorption rates to a higher set point (38-42). Although 

bone formation initially can "catch up", the length of 

time for each component of the remodeling cycle 

clearly favor resorption over formation as the process 

of laying down new bone requires the interaction of 

several processes (see Figure 2). But, it is still unclear 

why falling estrogen levels, which is a universal event 

during the menopausal years, causes such rapid bone 

loss in a relatively small percentage of women (43). 

Clearly, factors such as peripheral conversion of 

testosterone to estradiol, adrenal androgen 

production, FSH levels, and genetic determinants, as 

well as other local signals may also be important. In 

regards to FSH, SWAN (Studies of Women Across the 

Ages) reported that higher FSH precedes estrogen 

loss and this is associated with longitudinal bone loss 

more closely than circulating estrogen.  Although not 

identified in humans, mice have strong heritable 

determinants that affect the rate of age-related bone 

loss and in one mouse model high FSH levels drove 

significant bone loss independent of estrogen.  

 

The nature of the osteocyte-osteoblast-osteoclast 

interaction has been one of the most active areas of 

recent investigation (see Figure 2). External signals 

(such as PTH, growth hormone, interleukin-1, 

estrogen deprivation) to resting osteoblasts and 

stromal cells cause these cells to release a potpourri 

of cytokines (i.e. interleukins such as IL-1, -6, -11 as 

well as m-CSF, tumor necrosis factor (TNF), and TGF-

beta) that enhance the recruitment and differentiative 

function of multinucleated giant cells destined to 

become bone resorbing cells (38). However, one of 

the most critical pathways in the osteoblast-osteoclast 

interaction scheme is the RANKL- Osteoprotogerin 

(OPG) relationship. OPG is a soluble peptide originally 

described as a factor which markedly inhibited bone 

resorption and osteoclast differentiation in vitro (42). 

This protein is a member of the TNF receptor super-

family and its role in bone remodeling is to act as a 

decoy receptor for the peptide known as 

osteoprotegerin ligand i.e. OPGL (or RANKL) (42). In 

fact, RANKL is a surface peptide which when 

expressed on the osteoblast, binds to the true OPGL 

receptor (also called RANK-receptor activator of NFkB 

Ligand) on osteoclasts, and initiates cell-cell contact 

necessary for osteoclast activation and subsequent 

bone resorption (42).  More recently RANKL has been 

shown to be produced by osteocytes and can result in 

osteocytic osteolysis during states of high calcium 

demand such as lactation, estrogen deficiency, and 

even acute exercise (43).  

 

The OPG, OPGL and RANK system that affects 

osteoclast differentiation, in addition to the effects of 

m-CSF on osteoclast proliferation, provides the critical 

link among osteocytes, osteoclasts and osteoblasts. It 

has also led to the synthesis of RANKL antibodies. 

Denosumab, (brand name Prolia) was the first 

approved monoclonal antibody against RANKL for the 

treatment of postmenopausal osteoporosis due to its 

strong efficacy in reducing spine and hip fractures (44-

46). It is administered once every six months and it 

suppresses bone resorption by 80-90%.  Unlike the 

bisphosphonates, denosumab’s anti-resorptive effect 

wanes in 4-6 months, thereby providing a margin of 

safety in terms of total suppression in remodeling (46). 

On the other hand, because the anti-resorptive effect 

wanes rapidly, there is concern about post treatment 

rebound and fractures, particularly of the vertebral 

spine (47).  

 

The osteoblast functions not only to signal osteoclasts 

during remodeling as well as receive signals from 

them, but also to lay down collagen and orchestrate 

mineralization of previously resorbed lacunae in the 
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skeletal matrix. These complex functions are tied to 

differentiation of mesenchymal stromal cells which 

become terminally differentiated osteoblasts and rest 

on the surface of the remodeling space (29). 

Recruitment of stromal cells or lining cells into 

osteoblasts, rather than adipocytes is a critical step in 

bone formation and requires a series of transcription 

factors that enhance differentiation. This is particularly 

important since one of the features of estrogen 

deficiency and age-related osteoporosis is the 

development of increased bone marrow adiposity 

(48,49). Indeed, the presence of excess bone marrow 

fat may be a major risk factor for osteoporotic fractures 

(50).  

 

One of the most important components driving 

osteogenesis is Runx2, a unique transcription factor 

which is essential in the early differentiation pathway 

of osteoprogenitors (51). Regulation of Runx2 has 

become a major focus of work in as investigators have 

begun to consider novel ways to enhance bone 

formation and reduce marrow adipogenesis (50). Also, 

it should be noted that there are metabolic programs 

activated by transcription factors that are essential for 

fueling the work of the osteoblast. Conditions of 

substrate insufficiency; e.g. anorexia nervosa, 

diabetes mellitus etc. also impair bone formation by 

altering their metabolic programs. 

 

With activation of resting osteoblasts and lining cells, 

osteoblasts synthesize several types of collagen as 

well as elaborating a series of growth factors such as 

IGF-I, IGF-II, TGF-. These, in turn, are necessary for 

further recruitment of bone forming cells (52). In 

addition, osteoblasts deposit growth factors in the 

skeletal matrix where they are stored in latent forms, 

and released during subsequent remodeling cycles. 

After deposition of new bone, some osteoblasts are 

encased by matrix. These osteocytes, are still viable, 

although less metabolic and, can, through newly 

developed caniculi, provide signals to other bone cells. 

Indeed, most evidence suggests that osteocytic 

signals are important in the so-called "mechanostat", 

the gravitary sensing device which modulates bone 

formation, as well as initiating normal remodeling 

sequences.  As noted earlier, osteocytes may 

participate in bone resorption of the cortex by 

secreting RANKL. This is termed ‘osteocytic 

osteolysis’ and may occur during lactation and other 

states of high calcium demand. 

 

In the last half-decade, the Wnt/ catenin signaling 

pathway has emerged as a major regulator of bone 

formation and a potential mediator of the 

mechanostat.  Wnts belong to a large family of 

peptides that bind to two membrane bound receptors, 

Lrp5 or 6 and Frizzled (see Figure 3) (53). Once these 

ligands bind, activation occurs through a complex 

intracellular signaling pathway mediated by / catenin 

which translocates to the nucleus and stimulates the 

transcription of several genes through the TCF/Lef 

network.  Sclerostin (SOST), the osteocyte specific 

protein that inhibits bone formation does so by binding 

to Lrp5 and blocking Wnt signaling (54). The anti-

sclerostin antibody, romosozumab, was shown to 

markedly increase bone mass and reduce fractures in 

postmenopausal women after only 1 year of treatment 

(55,56). It was approved by the FDA and European 

Regulatory Agencies for the treatment of 

postmenopausal osteoporosis.  
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Figure 3. The Wnt/-catenin signaling pathway that is critical for osteoblast differentiation (53). 

 

In summary, the bone remodeling cycle is complex 

and redundant. The three major cells, osteocytes, 

osteoblasts and osteoclasts, arise from different stem 

cells (mesenchymal for osteoblasts and osteocytes, 

and hematopoietic for osteoclasts) and are under the 

control of various factors which in harmony 

orchestrate an orderly remodeling sequence. Their 

birth and death (i.e. the cycle of recruitment, 

proliferation and programmed cell death) and the 

regulatory factors which control those events, are also 

complex, yet vitally important for understanding the 

pathogenesis of osteoporosis. Alterations at any stage 

along the process of recruitment, activation, 

differentiation, or cell death can lead to imbalances in 

remodeling which eventually would result in bone loss, 

reduced bone mass and ultimately fractures. Some of 

those perturbations are noted below. 

 

SYSTEMIC AND LOCAL ALTERATIONS IN THE 

BONE REMODELING SEQUENCE LEAD TO BONE 

LOSS 

 

The importance of estrogen in maintaining calcium 

homeostasis for the postmenopausal woman was first 

established by Fuller Albright, more than 70 years ago 

(57). Since that time more evidence has accumulated 

from randomized intervention trials demonstrating that 

hormone replacement (estrogen with or without 

progesterone) reduces bone turnover and increases 

bone mass (58). However, these data provide only 

indirect evidence that estrogen levels are important as 

pathogenic components of the osteoporosis 

syndrome. More recent studies provide stronger 

evidence of the association between low estradiol 

concentrations and low bone mass. Several 

investigators have demonstrated that the lowest 

estradiol levels in postmenopausal women (i.e. <5 

pg/ml) are associated with the lowest bone mineral 

density and the greatest likelihood of fracture (59). In 

addition, at least one study has shown that males with 

osteoporosis have lower serum levels of estradiol then 

do age-matched men who do not have low bone mass 

(60). Moreover, there are now two case reports 

describing mutations in either aromatase activity or the 

estrogen receptor, which produced a phenotype of 

severe osteoporosis in men (61,62). In the former 

case, estrogen replacement therapy for this young 

man, resulted in a marked increase in spine and hip 

bone mineral density. In both situations the lack of 

functional estrogen, despite normal to high levels of 

testosterone, resulted in very low BMD (63). 

 

Although declining estradiol levels contribute to the 

osteoporosis syndrome, the precise molecular events 
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or sequences that result from changes in ambient 

hormonal concentrations are not clear. In some animal 

models, estrogen deprivation is associated with a 

marked increase in IL-6 synthesis from stromal and 

osteoblastic cells. This is consistent with experimental 

findings which demonstrate that estrogen regulates 

the transcriptional activity of the IL-6 promoter (39,41). 

However, results in other studies are conflicting. In 

other experimental paradigms, changes in TNF, IL-11 

and IL-1 can all be associated with increased bone 

resorption (40). Recently RANKL has been identified 

as a major regulator of osteoclast differentiation. Thus, 

it seems likely that several cytokines, working in 

concert, are active during estrogen deprivation, and 

each can accelerate the process of bone resorption. 

RANKL, however may be the most critical and 

necessary for full activation of remodeling. Enhanced 

bone resorption eventually leads to bone loss from 

estrogen deprivation since bone formation rates 

cannot keep up with rates of bone resorption (31,42, 

43). Moreover, the faster the resorption, the greater 

the loss resulting in more damage to the structure 

integrity of the skeleton. 

 

In contrast to the plethora of studies on bone loss and 

estrogen, there are few good studies relating 

androgen deprivation to bone loss in women. 

Androgen receptors are present on osteoblasts. 

However, both in vitro and in vivo studies in men have 

yielded conflicting results. Like estrogen, androgens 

can regulate the IL-6 promoter and in experimental 

animals, orchiectomy has been associated with 

increased IL-6 production and bone loss (64). In men, 

chronically low androgen levels have been associated 

with low bone mass, and testosterone replacement 

can enhance bone mineral density (65). However, 

estradiol levels in men may be a more important risk 

factor for fracture than androgen levels and correlate 

more closely with trabecular bone volume as 

measured by QCT. At the present time it is not clear 

precisely what role androgens play in the maintenance 

of bone mass in both men and women except in 

deficiency syndromes, particularly hypogonadism. 

 

Other more common causes of male osteoporosis 

include alcoholism, glucocorticoid excess, and 

hypercalciuria (see Table 2). In the first two cases, 

hypogonadism remains a pathogenic feature of that 

osteoporosis syndrome. Less frequently, men with 

gluten enteropathy or an endocrinopathy such as 

thyrotoxicosis or primary hyperparathyroidism can 

present with multiple fractures and low bone mass 

(see Table 2). 

 

Table 2. Etiology of Osteoporosis in Men 

Etiology 

  

Age-years 

  

Clinical Features 

  Hypogonadism 

  

30-80 

  

low Test, low E2, increased resorption 

  Alcoholism 

  

40-80 

  

low test, E2+/-, +/- turnover 

  Glucocorticoids 

  

20-80 

  

 +/- test, E2 +/-, increased resorption, 

Decreased formation 

   Multiple myeloma 

 

 40-80 

 

 Hypercalcemia, ESR 

Hypercalcuria 30-80 Test, E2 nl; increased resorption 

Hypercalcuria, inc PTH, kidney stones 

Idiopathic Osteoporosis- 

  

40-80 

  

fractures, low formation, low IGF-I 

  Gluten enteropathy 

  

20-80 

  

low 25OHD, turnover increased 
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Table 2. Etiology of Osteoporosis in Men 

Etiology 

  

Age-years 

  

Clinical Features 

  Endocrine Disorders 

  

15-90 

  

Cushing’s ±  

PHPT  

 

15-90 PTH increased in all cases; increased 

resorption 

 Thyrotoxicosis 15-90 Decreased PTH 

E2- estradiol; Test-testosterone; PTH-parathyroid hormone; PHPT-primary hyperparathyroidism; Inc- increased 

 

In women, bone loss is accelerated immediately after 

menopause. However, recent studies demonstrate 

that markers of bone resorption are also very high later 

in life. In particular, women in their 80s and 90s have 

been noted to lose bone at a rate of greater than 1% 

per year from the spine and hip (65), Contrary to 

earlier studies, it is now evident that the older woman 

who is not as physically active, and is not on estrogen, 

is at extremely high risk of bone loss and subsequent 

fractures. The pathogenesis of this process is 

multifactorial although dietary calcium deficiency, 

leading to secondary hyperparathyroidism, certainly 

plays a central role. The average calcium intake of 

women in their 8th and 9th decades of life is now 

estimated to be between 800-1000 mg/day (66). If 

vitamin D intake is also sub-optimal, and serum levels 

of 25 OH vitamin D <20 ng/ml, or 50nmol/l, secondary 

hyperparathyroidism may occur, although there are 

other causes for increases in PTH, including chronic 

renal insufficiency and low calcium diet (67). PTH 

stimulates osteoblasts and provokes the remodeling 

sequence including the elaboration of several 

cytokines that accelerate bone resorption. 

Unfortunately, in most elders, bone formation is not 

enhanced although the reasons for this are not entirely 

clear beyond the simplistic notion that stem cell 

recruitment is impaired in the elderly. Nonetheless, 

this leads to further uncoupling in the bone remodeling 

cycle, and significant bone loss. Among elders with 

poor calcium intake who live in northern latitudes, 

seasonal changes in vitamin D lowering levels below 

20 ng/ml might aggravate bone loss (68,69). Whether 

increased bone loss from vitamin D deficiency is an 

independent risk factor for future fractures in the 

elderly remains somewhat controversial necessitating 

further studies to define such a risk. Overall, there is 

evidence that vitamin D deficiency is associated with 

a greater risk of fracture in frail elderly institutionalized 

men and women (<20 ng/ml; 50 nmol/l), whereas it is 

unlikely that those individuals with 25 OHD levels 

between 20-30 ng/ml are at a greater risk (70).  The 

recently completed VITAL trial demonstrated that 

2000 IU of vitamin D to healthy men and women did 

not prevent bone loss or alter bone turnover (LeBoff, 

personal communication and abstract ASBMR,2019). 

 

There is growing evidence that low serum levels of 

vitamin D, through impaired calcium absorption, can 

stimulate PTH release and increase bone turnover in 

the elderly. Increased PTH enhances 1,25 

dihydroxyvitamin D, and this in turn could suppress 

further bone formation and mineralization (71). Thus, 

bone loss is associated with uncoupled remodeling. 

Many older individuals already have established 

osteoporosis. Coincidental vitamin D deficiency due to 

poor intake, absent sunlight exposure, or impaired 

conversion of vitamin D to its active metabolite, can 

result in osteomalacia as well as aggravating pre-

existent osteoporosis (70).  LeBoff et al reported that 

more than 50% of elders who presented with a hip 

fracture were frankly vitamin D deficient (71). 

Therefore, the combination of vitamin D deficiency 

with inadequate calcium intake enhances the 

likelihood of rapid bone loss in the very susceptible 

elderly population. Still, it is unclear how secondary 

hyperparathyroidism causes bone loss. Chronic 
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elevations in PTH secretion due to primary or tertiary 

hyperparathyroidism, have been associated with low 

bone mass at several skeletal sites including the 

radius. Elevated PTH levels in older women have 

been associated with bone loss in some studies but 

not in others. In elderly individuals, it has been 

reported that PTH levels are closely correlated with 

increased synthesis of an insulin-like growth factor 

binding protein (IGFBP-4) which suppresses IGF 

action on bone cells and may increase sclerostin 

secretion (72, 34). Since IGF-I is an important growth 

factor for osteoblasts, it is conceivable that PTH down 

regulates IGF activity during states of relative 

calcium/and or vitamin D deficiency. This would shift 

the remodeling balance towards preserving 

intravascular calcium concentrations, while inhibiting 

new calcium incorporation into the skeletal matrix. In 

sum, there is little doubt that calcium and vitamin D 

insufficiency are prominent causes of accelerated 

bone loss in the elderly (73). However, in the healthy 

postmenopausal population, there is little evidence 

that vitamin D supplementation prevents bone loss or 

fractures. 

 

As noted previously, high circulating levels of 

glucocorticoids have a significant impact on bone 

acquisition and maintenance. In 1932 Harvey Cushing 

recognized the syndrome of endogenous steroid 

excess which included marked osteopenia and 

fractures (74). Long term exposure to pharmacologic 

doses of glucocorticoids results in significant bone 

loss and enhanced marrow adipogenesis as marrow 

stromal cells differentiate down the fat lineage. In 

addition to having direct effects on the osteoclast and 

osteoblast, glucocorticoids also induce secondary 

hypogonadism and hyperparathyroidism, impaired 

vitamin D metabolism, muscle atrophy, and 

hypercalciuria (See Table 3). All these factors 

contribute to a rapid and sustained loss of bone during 

the first few months of steroid therapy (75). The 

addition of other immunosuppressants such as 

cyclosporine has been shown to aggravate bone loss 

by further increasing bone resorption. As the number 

of organ transplants have increased exponentially 

over the last decade, the prevalence of post-

transplantation osteoporosis has risen substantially. 

Steroid induced osteoporosis is now considered the 

second most common cause of low bone mass in the 

general population and one of the most common 

causes of osteoporotic fractures (75). It is listed in the 

FRAX data set as one critical risk factor to assess in 

determining 10-year fracture likelihood. 

 

Table 3. Effects of Glucocorticoids on Bone Mass 

 Response to Glucocorticoids 

  

Effects on Bone Remodeling 

  

Effects on Bone Mass 

  Increased PTH secretion 

  

Increased bone resorption  

? decreased bone formation 

  

rapid loss of bone 

  
Decreased LH/FSH secretion 

  

  

Increased bone resorption due 

loss of estrogen 

  

  

loss of bone 

  
Impaired calcium absorption due 

to decreased 1,25 D  

  

Increased PTH, increased bone 

resorption 

  

loss of bone 

  
Increased calcium loss in urine 

  

Secondary increase in PTH, 

Increased bone resorption 

  

  

loss of bone 

  
Acute suppression of osteoblasts 

and apoptosis 

  

Reduced bone formation 

  

gradual bone loss 

  
Stimulation of osteoclastogenesis 

  

Increased bone resorption rapid 

  

loss of bone 
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PATHOGENIC FACTORS WHICH IMPAIR PEAK 

BONE MASS 

 

Peak bone mass is acquired between the ages of 10-

16 years. It is the zenith of bone acquisition and 

represents the sum of several processes including a 

marked increase in bone formation (76,77). Boys tend 

to reach peak 2 years later than girls and their bone 

mineral density is higher than women at all skeletal 

sites. In part this relates to a greater cross-sectional 

bone area in males than females (78). Peak bone 

mass results from linear growth and consolidation of 

cortical and trabecular components. Acquisition is 

most rapid during the latter stages of puberty and 

coincides with maximum growth hormone secretion, 

high serum IGF-I levels, and rising levels of estradiol 

and testosterone. In addition, calcium absorption is 

maximal and skeletal accretion is optimal. All these 

processes combine over a relatively short period of 

time to produce a bone mass that subsequently 

plateaus and then falls during later life. It is estimated 

that more than 60% of adult bone mass can be related 

to peak acquisition. Hence understanding the 

mechanisms responsible for low bone mass must 

include perturbations in peak bone acquisition. 

 

There are several hormonal, environmental, nutritional 

and heritable determinants of peak bone mass. These 

include estrogen/testosterone, growth hormone/IGF-I, 

adequate nutrition, calcium/vitamin D, and unknown 

genetic factors. If each is perturbed, dramatic 

alterations in peak bone mass may occur, setting the 

stage for low bone density throughout life. Gonadal 

steroids are important not only to bone maintenance 

but also to its acquisition. During puberty, estrogen 

and testosterone levels rise and contribute to 

consolidation of bone mass. Estrogen is also 

necessary for epiphysial closure. Studies of a male 

with an estrogen receptor mutation and men with an 

aromatase deficiency established that estradiol is 

critical for bone acquisition (61,62). These young men 

share several phenotypic characteristics including tall 

stature unfused epiphysis, and very low bone mass. 

Hence, there must be a threshold effect for estradiol in 

men, and this effect must be time dependent. Similar 

conclusions can be drawn from studies in women. 

Acquired deficiencies in estrogen, such as anorexia 

nervosa, or chemotherapy induced ovarian 

dysfunction, result in low peak bone mass and lead to 

subsequent risk for osteoporosis (79,80,81). Nearly 

identical findings have been noted in patients with 

untreated Turner's syndrome and in men with 

Klinefelter's syndrome, although the high FSH levels 

could also contribute to bone loss. 

 

The timing of gonadal steroid surges is critical for bone 

acquisition since there is a relatively short window of 

time in which bone formation is favored and matrix 

synthesis is markedly enhanced. That window is likely 

to be less than three years and earlier in girls than 

boys. Probably the best study which addressed this 

issue comes from a retrospective analysis of men in 

their thirties who underwent late onset of puberty (i.e. 

at the age of 17 or 18) but were otherwise normal by 

full endocrine testing. These men had significantly 

lower bone mineral density in their thirties than age 

matched men who went through puberty at a normal 

time. These data suggest that timing as well as 

quantity of gonadal steroids is critical for bone 

acquisition. 

 

Pubertal surges of estrogen and androgens are also 

important for priming the growth hormone/ IGF-I axis. 

Rising levels of both contribute to growth hormone 

surges that lead to increases in circulating and tissue 

expression of IGF-I, an essential growth factor for 

chondrocyte hypertrophy and expansion. IGF-I may 

also be critical in defining the cross-sectional size of 

bone, a potentially important determinant of bone 

strength. Once again, studies in growth hormone 
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deficient, or growth hormone resistant individuals have 

established that low levels of circulating IGF-I, 

especially during puberty, are associated with reduced 

bone mass (82). In addition, rhGH replacement has 

been shown to restore linear growth and improve peak 

bone mass acquisition. Several studies in 

experimental animals, including inbred strains of mice, 

have established that IGF-I is important for bone 

acquisition and the timing of IGF-I peaks coincide with 

maximal rates of bone formation. Impairment in 

production of IGF-I due to acquired disorders such as 

anorexia nervosa, malnutrition, and delayed puberty 

can also impede peak bone acquisition (80). Recently, 

it has become apparent that Type I IDDM can impact 

the bone marrow niche and suppress bone formation 

and increase resorption. This uncoupling can lead to 

an impairment in peak bone mass, although there are 

other determinants of glucose intolerance that can 

impact the skeleton; e.g. increased advanced 

glycation end products, glucose toxicity, material 

property changes in the matrix.  

 

Hormonal abnormalities not only enhance bone 

resorption in older individuals, but may blunt the 

capacity of bone cells to maximize bone formation 

during adolescence. Clearly, hypogonadal boys and 

girls have impaired peak bone mass, resulting in low 

adult bone mineral density. Even one form of 

contraception, Depo-provera, may reduce estrogen 

concentrations enough in the teen girl, to reduce her 

capacity to acquire peak bone mass. Similarly, it 

seems likely although not proven that smoking during 

the teen years could impair osteoblast activity and 

flatten projected trajectories for peak bone acquisition. 

 

More recently diabetes mellitus has been established 

as a secondary cause of osteoporosis. TIDM, 

particularly at early onset (e.g. childhood or 

adolescence) is associated with low bone mass and 

fractures (83).  Both hip and vertebral fractures are 

more common in adult T1DM, whereas in T2D, in 

which areal BMD is normal, fracture risk is increased 

by 20%, but the type of fractures are usually peripheral 

in nature (84). Importantly use of rosiglitazone, a TZD 

is also associated with an increased risk of fracture 

whereas DPP4 inhibitors and GLP1 agonists are bone 

neutral or favor a slight increase in bone mass.  The 

newer SGLT-2 inhibitors are associated with a greater 

risk of fracture as a class. Despite the greater risk with 

glucose intolerance, the pathophysiology of these 

disorders is not well defined, although changes in 

advanced glycation end products, enhanced reactive 

oxygen species, and glucose toxicity are all 

considered likely contributors.  

 

In order to mineralize newly synthesized bone, 

calcium must become bioavailable to the skeletal 

matrix. In experimental studies in rodents and 

humans, it is clear that the several pools of available 

calcium are markedly enhanced during puberty. These 

include calcium efflux from the gastrointestinal tract, 

and the calcium pool available for incorporation in the 

matrix. It is no coincidence that growth hormone 

surges not only increases IGF-I, (thereby enhancing 

skeletal growth and matrix biosynthesis) but also 

result in increases in 1,25 dihydroxyvitamin D 

(possibly via IGF-I induction of 1, alpha hydroxylase 

activity), the active metabolite of vitamin D which 

markedly enhances calcium absorption from the gut. 

Although there are no longitudinal studies in pubertal 

individuals with prolonged calcium deficiency, several 

randomized placebo-controlled trials in pubertal and 

pre-pubertal girls and boys have established that 

supplemental calcium can enhance bone mineral 

density. In a twin study, in which one twin receives 

1200 mg of calcium supplementation, and one 

receives placebo, radial BMD increases by as much 

as 5% after three years compared to placebo (81). 

This study suggests that there is significant gene-

environmental interaction, and that even in those 

individuals with heritable determinants of low peak 

bone mass, calcium supplementation may provide an 

important and relatively simple means of protecting 

individuals from future osteoporotic fractures. 
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GENETIC DETERMINANTS OF PEAK BONE MASS 

 

Probably the most important determinant of peak bone 

mass, but one that has lacked clear definition is the 

genetic contribution. In part this is due to the complex 

nature of bone mineral density as a trait. Nevertheless, 

low peak bone mass may be the most important 

pathogenic factor in the osteoporosis syndrome of 

later life. And, it appears that at least 50% of peak 

bone mass is determined by genetic factors (85). What 

are these determinants and how are they modified by 

environmental factors? 

 

Efforts to define heritable determinants of peak bone 

mass have been complicated by a number of issues 

which are also common to analyses of other complex 

traits. These include the following: 

 1. A quantifiable phenotype; 

 2. Heterogeneity within a given population under 

study; 

 3. The polygenic nature of the disorder; 

 4. Epistasis (gene-gene interaction)  

 5. Pleiotropy- phenotypic differences with identical 

genotypes, and  

 6. Gene by environmental interactions. 

 

Notwithstanding these complexities it is clear that 

BMD is an acceptable phenotype for defining heritable 

determinants of future risk. Bone mineral density in the 

population is distributed in a gaussian manner, 

thereby allowing analyses at the extremes (<-2.0 SD 

or > 2.0 SD) of the density distribution. Large 

homogeneous and heterogeneous populations are 

now being studied as part of the GEFOS consortium, 

to ascertain genetic determinants of BMD and 

fractures in humans (86-91). Candidate genes are 

those associated previously by biologic determinants 

or previous studies as being important for skeletal 

maintenance.  Indeed, many of these have been 

identified by whole genome studies (GWAS) include 

RANKL, OPG, the vitamin D receptor, collagen IA1, 

the estrogen receptor, interleukin-1, and IGF-I. 

Additionally several other candidate genes that have 

not been previously associated with osteoporosis 

have been identified. These studies have been 

reviewed in depth elsewhere (86-89).  Depending on 

the cohort, the phenotype, and the number of 

individuals studied, it is predicted there will be 

hundreds of genes that contribute to individual 

variation in bone mass (90,91). Twin studies 

examining discordant or concordant phenotypes are 

also helpful, as are sib-pair studies, although the 

results have been less generalizable. 

 

One example of a candidate gene that has also been 

shown to have strong heritability and predictive value 

for osteoporosis from GWAS studies is Lrp5 (92). 

Originally Recker and colleagues identified an 

extended family with very high bone density and fine 

mapped the locus to a region in chromosome 11. After 

several years of intense high through put analysis, that 

group identified a 'high bone density' gene, LDL 

receptor related protein 5 (LRP-5) that was mutated in 

this family (92). The low affinity lipoprotein receptor is 

important in binding Wnts, ligands critical for cell 

differentiation in several organisms. At the same time, 

Warman and colleagues identified several children 

with osteoporosis pseudoganglioma syndrome and 

subsequently mapped the gene which resulted in 'loss 

of function' in these individuals (93). This turned out to 

also be Lrp5. The potential pathways that direct 

osteoblast function and mineralization through Lrp5, 

and its co-receptor frizzled, have opened up new 

areas of investigation (See Figure 3 and discussion 

above). Moreover, natural antagonists to the Wnt/Lrp5 

signaling system including sclerostin and DKK-1 have 

been studied using genetic engineering in mice. This 

pathway continues to show great promise for 

therapeutic interventions such as romosozumab, 

recently approved by the FDA for the treatment of 

postmenopausal osteoporosis (54, 99). 

 

In the past five years, Lrp5 has been studied 

extensively both in its function and its allelic effects 
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through genome wide association studies as well as in 

translational bench work. Hence this pathway is 

important in regulating peak bone mass. But it is also 

clear that since BMD is a polygenic trait, other genes 

are now being discovered. Moreover, gene 

environmental interactions must play a major role in 

defining heritable risk for low BMD and fracture. In 

addition to the search for osteoporosis genes, 

intervention studies in adolescents have provided 

insight into at least one of the environmental impacts 

on genetic determinants (94-97). A twin study in 

Indiana revealed that as long as calcium 

supplementation continued during puberty, young 

boys could enhance their peak bone mass. In a Swiss 

study, younger pre-pubertal girls supplemented with a 

protein product had a significant increase in spine 

bone density, as did a cohort of pubertal girls receiving 

a milk powder in England (96,97). Remarkably, in the 

latter cohort, serum IGF-I levels also rose 

dramatically, providing further indirect evidence of a 

link between pubertal status, bone mass, and the 

growth hormone/IGF-I axis. Thus, there is strong 

evidence that nutritional, hormonal and environmental 

factors play a major role in regulating peak bone mass. 

 

 

 

 

SUMMARY 

 

The epidemiology of osteoporosis is well established 

and risk factors have been defined. On the other hand, 

the pathogenesis of osteoporosis is complex and 

multifactorial (41,98). Alterations in bone mineral 

density almost certainly represent the final common 

pathway by which pathologic factors affect risk of 

future osteoporotic fracture. The interplay of various 

physiologic processes which result in peak bone 

mass, and maintenance of adult bone mass are key to 

understanding the pathogenesis of this disease. 

Changes in hormonal status, and in particular 

estradiol, clearly are important factors in regulating 

both bone formation and bone resorption in men and 

women. Perturbations in growth hormone activity, 

musculoskeletal function, dietary intake of calcium and 

vitamin D, and genetic determinants are also 

important pathogenic factors. Defining the role of 

genetic factors and their interaction with many of the 

environmental and hormonal determinants that have 

been established as potential etiologic agents 

responsible for low bone mineral density and fracture 

will certainly be the most difficult challenge facing 

basic and clinical researchers. On, the other hand, the 

strength of data from basic and clinical studies over 

the last decade, now allows practitioners to confidently 

diagnose osteoporosis. New treatment strategies offer 

greater hope for patients suffering from this disease. 
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