Bone and Bone Diseases

With the wider realisation that bone diseases, particularly osteoporosis, are common, serious and treatable, skeletal research is now a “hot” area.   Some important basics of bone (patho)physiology are briefly reviewed here.

Bone composition 

Bone is made up of a mineralised extracellular matrix and cells.

The organic part of bone matrix consists of about 90% type I collagen, a tough fibrous structural protein, along with a complex assortment of smaller, non‑structural proteins, including osteonectin, osteocalcin, phosphoproteins, sialoprotein, which together make up the remaining 10%.  (Osteocalcin is more or less bone‑specific; small amounts end up in circulating blood where it serves as a useful marker for bone turnover).  The organic matrix is impregnated with tiny crystals of a mineral resembling hydroxyapatite, Ca10(PO4)6(OH)2.  These crystals enclose the collagen microfibrils to form a composite material with the required properties of stiffness, flexibility and strength. 

The three principal types of bone cell, osteoblasts, osteocytes and osteoclasts are considered below.

Osteoblasts and osteocytes

Osteoblasts (OB) are a family of specialised bone forming cells of mesenchymal origin, related to fibroblasts (the "classic" type I collagen‑producing cell).  Active OB work in groups to secrete new, unmineralised bone matrix (called osteoid) and are involved in the subsequent process of mineralisation.  Histologically, they appear as plump, cuboidal cells sitting on the bone surface, with the prominent rough endoplasmic reticulum characteristic of protein‑secreting cells.  Active OB express large amounts of alkaline phosphatase, an enzyme which appears to be involved in the mineralisation process by liberating inorganic phosphate; alkaline phosphatase provides another useful circulating marker for bone cell activity.  Quiescent bone surfaces are covered by a near‑continuous single layer of flattened, inactive OB, often referred to as "bone‑lining cells".  Some OB become incorporated in the matrix and differentiate into osteocytes, giving rise, in lamellar bone to a regular, interconnecting network of cells.  Osteocytes may serve to mediate adaptive bone remodelling by responding to mechanical deformation.

OB express receptors for many hormones, including PTH, 1,25(OH)2-vitamin D, sex steroids and adrenal steroids.  OB are also responsive to (and may produce) a wide range of growth factors and cytokines (see below).

Osteoclasts

Osteoclasts (OC) are multinucleate, highly motile bone resorbing (destroying) cells formed by the fusion and differentiation of mononuclear precursor cells similar to promonocytes.  Mature OC represent the end point of a differentiation process and are not themselves capable of proliferation.  OC are the only cells able to resorb all the components of skeletal and dental hard tissues unaided; they produce characteristic scalloped excavations (known as resorption pits or Howship's lacunae) in the mineralised bone surfaces where they are active.  During the resorption process, OC form a tight annular seal with the bone (the "clear zone"), secreting acid in order to dissolve the mineral component and proteolytic enzymes (eg cysteine proteinases) to break up the organic matrix.  OC achieve a high surface area of interaction with the bone by means of a convoluted membranous organ, the so‑called "ruffled border"; the resorption space can be considered as a specialised extracellular lysosome.  Osteoclasts express large amounts of the enzyme tartrate‑resistant acid phosphatase (TRAP), the function of which is uncertain.

Mature OC express receptors for calcitonin and prostaglandins (both inhibitory) but appear not to be directly responsive to most other hormones or growth factors.  

Bone remodelling    

Throughout life, the skeleton undergoes a continual process of repair and renewal.  Bone remodelling is a surface phenomenon: the turnover rate in trabecular bone may be up to ten times greater than in cortical bone, reflecting the large surface area presented by the former tissue.  Mineralized bone matrix is resorbed by OC and replaced in plywood‑like layers, or lamellae, by groups of OB.  This sequence of events is tightly coordinated both temporally and spatially and probably takes place in response to altered mechanical loading, in order to provide local strengthening of bone, or to remove structurally redundant areas. 

Under normal circumstances, in young adults (between the ages of about 20‑45), remodelling activity keeps bone mass relatively constant.  Bear in mind, however, that bone may be removed from one site and deposited at another in order to achieve shape changes, whilst keeping overall bone mass constant.  Certain physiological or pathological states can alter the balance of the turnover process, such that resorption begins to outstrip formation, leading to net bone loss (eg osteoporosis ‑ see below).  This could be due not only to enhanced OC resorption but also to declining OB function.  Trabecular bone sites (eg in vertebral bodies) are particularly susceptible to remodelling imbalances, as a result of the relatively high turnover rate (~25% / year).

Regulation of bone cell function  

Many factors can affect bone cell activity ‑ this is a very complex area, the subject of intensive research at present.  The principal hormonal agents are summarised below:

Parathyroid hormone (PTH):  ( plasma Ca2+ (critical regulator); ( OC recruitment, activity; ( OB proliferation, activity;   i.e.  ( bone turnover.
1,25(OH)2‑vitamin D: ( gut Ca2+ uptake, plasma Ca2+;  ( OC recruitment, activity;  ( OB proliferation, ( OB (and skin cell) differentiation; required for normal matrix mineralisation; deficiency ( osteomalacia, rickets.

Calcitonin: ( plasma Ca2+ in young/hypercalcaemic animals; ( OC recruitment, activity; "emergency" hormone, not much effect in normal adults.

Glucocorticoids: necessary for normal bone development/function but in excess cause bone loss/osteoporosis.

Growth hormone:  required for normal bone growth.

Sex steroids (oestrogens & androgens): now recognised to exert critical long term (ie slow acting) beneficial effects on bone maintenance;  ( OC recruitment, activity;  ?( OB activity; deficiency (    ( bone turnover, osteoporosis.

There are also a multitude of locally produced (paracrine) factors in bone.  In general, their (patho)physiological roles are not well understood ‑ they tend to be multifunctional and are not bone‑specific.  Some of the most important are:

Prostaglandins: normal OB product; may mediate some actions of growth factors, cytokines and responses to mechanical stimuli.

Growth factors: mitogens eg transforming growth factor ß, bone morphogenetic proteins, insulin‑like growth factors I,II, platelet‑derived growth factor, fibroblast growth factors; normal OB products, deposited in bone matrix, often in large amounts; may mediate some hormone actions.

Cytokines: normal products of immune cells & also bone cells; e.g. interleukins‑ 1,2,3,4,6,10,11,13; tumour necrosis factor and RANK ligand (the major osteoclast-stimulating cytokine); colony‑stimulating factors.  Commonly act to  ( OC recruitment, activity ‑ i.e. cause bone loss; some interleukins may mediate PTH, 1,25(OH)2 ‑vitamin D actions;  sex steroids may inhibit some interleukins.

Inorganic agents:   protons (low pH; acidity) (( OC activity; hypoxia (low oxygen tension) (( OC recruitment (discovered by UCL intercalated BSc medical student last year!); phosphate ( OC recruitment, activity;  calcium ( OC recruitment, activity (small effect);  fluoride  ( OB activity;  nitric oxide (may mediate responses to loading) + oxygen free radicals (small effects).  

Osteoporosis   

This is the "classic" bone remodelling disorder, essentially affecting skeletal sites with a high content of trabecular bone. In osteoporosis, trabecular bone plates become eroded by the action of OC, often into rod‑like elements which may then be perforated and perhaps irreversibly lost.  Lateral elements appear to be particularly vulnerable to this process.  (Cortical bone loss, which is generally much slower, results from endosteal resorption proceeding faster than periosteal formation, leading with age to thinner bone shafts of increased diameter).

Osteoporosis poses an enormous medical, social and economic problem in developed Western countries with ageing populations ‑ one which has been neglected until quite recently.  At least 25% of white women over the age of 60 will suffer will suffer from vertebral crush fractures, leading to loss of height, with the typical "Dowager's hump" (hunchback) appearance.  This fracture is 10 times more common in women than men; the principal cause appears to be the abrupt decline in circulating oestrogens which occurs at the menopause.  Androgens, which exert similar bone‑preserving actions in men decline more gradually with age.  Vertebral fractures are painful and disfiguring, but rarely fatal.  Femoral neck ("hip") fractures, however, have an associated mortality of up to 20% within the first year in the UK; these fractures more commonly occur in patients over the age of 70 and show a 2:1 prevalence in favour of females.  Interestingly, osteoporosis is much less common in Afro‑Caribbeans, possibly because whites tend to have lower bone mass/density.

The main risk factors for osteoporosis include:
‑
menopause / oophorectomy (ie oestrogen deficiency)

‑
hypothalamic amenorrhea (eg due to excessive exercise)

‑
hypogonadism in males

‑
genetic (white European)

‑
positive family history

‑
small build / low body weight

‑
sedentary lifestyle (moderate amounts of weight‑bearing exercise are beneficial)

‑
smoking; alcohol abuse (eg >25‑30 units/week); excessive caffeine

‑
drugs (eg corticosteroids, heparin)

· excessive protein intake / chronic low-level acidosis

Osteoporosis treatment represents one of the great success stories of modern preventive medicine.  Hormone replacement therapy with low level oestrogens in post‑menopausal women effectively prevents osteoporosis.   The problems are patient compliance (eg resumption of periods), the slight associated increased risks of breast and endometrial cancer and patient selection, since >50% of women are not will not be at risk in the first place.   The bisphosphonates (potentially cheap, orally-active synthetic analogues of pyrophosphate that inhibit osteoclast action) are increasingly proving to be useful in treating a range of bone loss disorders.   Quantitative, low‑dose X‑ray scanning systems ("DEXA") for monitoring bone density at the spine and hip are becoming more widely  available.   

Osteomalacia and Rickets 

Vitamin D deficiency results in impaired mineralisation of adult bone (osteomalacia); in growing children, growth plate cartilage is also affected, leading to deformities (rickets).  Be aware of the key difference between osteomalacia and osteoporosis: in the former, the proportion of mineralised bone matrix is reduced (and osteoid increased), whereas the latter involves loss of bone but no impairment of mineralisation (ie composition of remaining bone is approximately normal).

Paget's Disease

This condition is characterised by very large (ie many nuclei), overactive OC.  The cause may be infection with a paromyxovirus similar to canine distemper virus or measles.  The result is greatly accelerated bone resorption at certain focal sites; bone formation by OB is increased in an attempt to rectify the problem, but the new bone formed is disorganised.  Paget's disease leads to painful deformities which are frequently hot to the touch.  It can be treated quite effectively with calcitonin or bisphosphonates.  The distribution of this disease is bizarre: it is almost unknown in many countries, but is most common in the North West of England, where its occurrence correlates to some extent with dog ownership! 
Osteogenesis imperfecta 

A group of heritable disorders of type I collagen synthesis, caused by mutations in the genes encoding the constituent (1 and (2  chains.  The severity varies greatly, depending on the type of mutation, from prenatal lethality through impaired stature/tooth development and deformity to minimal deformity, sometimes with hearing loss or blue sclera.
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