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Embryologically the mammalian skeleton develops by condensation of
mesenchyme cells either directly to form bone (intramembranous ossifica-
tion) or into cartilaginous rudiments which are then calcified, resorbed, and
replaced by bone (endochondral ossification). Subsequently, linear growth
depends on continuation of cartilage growth and endochrondral ossification
at the epiphyses, while appositional growth and the lifelong remodeling of
the skeleton depends on direct bone formation and resorption without the
intervention of cartilage (1). These processes are subject to at least three
kinds of regulation. (a) Genetic determinants are presumably responsible
for the wide variation in skeletal mass and size observed in man and ani-
mals. (b) Variations in gravitational and mechanical stresses can determine
bone shape and internal structure. (¢) Humoral agents affecting growth
can act directly or indirectly on the skeleton, controlling size, maturation,
and day-to-day bone turnover. Good reviews of skeletal development and
turnover (2, 3) and the hormonal control of bone resorption (4) have been
published recently. The present review will emphasize the effects of hor-
mones on bone formation and the effects of some vitamins and ions which
may interact with hormones or mediate their effects on the skeleton.

HorMmonaL RecuraTiON OF FETAL DEVELOPMENT

Although many in vitro studies of hormonal influences on bone growth
employ fetal tissue, little is known concerning the roles of fetal and mater-
nal hormones in the regulation of skeletal development in utero. Terato-
genic effects of hormone excess have been demonstrated: for example, giu-
cocorticoids can produce cleft palate in rodent fetuses (5, 6). This was as-
cribed to inhibition of ribonucleic acid synthesis at a highly susceptible
stage in development, with resultant asymmetric growth (6). Similar mech-
anisms may be involved in toxic effects of large doses of estrogens (7),
insulin (8), parathyroid hormone (9), and vitamin D (10), although the
resulting skeletal deformities are much less specific.
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The parathyroid, thyroid (including thyrocalcitonin-secreting cells of ul-
timobranchial origin), and pituitary all have functional capacity at the time
of most rapid growth and calcification of the fetal skeleton. In fetal rats,
calcium accumulates slowly until the seventeenth to eighteenth day of gesta-
tion, when rapid calcification of the skeleton begins, Subsequently, fetal cal-
cium-regulating hormones can control fetal serum calcium (11, 12). In fetal
sheep feedback regulation has been demonstrated in that raising or lowering
fetal serum calcium correspondingly decreases or increases the concentra-
tion of parathyroid hormone in fetal blood independent of changes in the
mother (13).

There are considerable species differences in the requirements for
growth hormone and thyroxine in fetal growth. Skeletal lesions due to lack
of these hormones are more marked neonatally than in utero (14, 15). The
importance of growth hormone may depend on the time of development of
responsiveness in the target organs; for example, growth hormone-induced
sulfation factor fails to stimulate embryonic rat cartilage growth but does
stimulate newborn rat cartilage (16). Embryonic chick cartilage, however,
does respond to sulfation factor (17).

ReEGULATION oF GROWTH AND REMODELING

The bulk of information on hormonal influences' on bone growth has
been obtained by examining the effects of adding or removing a single hor-
mone. However, normal growth is undoubtedly the result of concerted ac-
tion of a number of hormones and these must affect not only bone forma-
tion but also resorption, since growth is always accompanied by remodeling.
Growth hormone, thyroxine, insulin, and cortisol are all required for normal
skeletal development. Sex hormones are particularly important in skeletal
maturation but may also have a continuous modulating effect on bone turn-
over. Parathyroid hormone and thyrocalcitonin are most important for their
roles in regulating bone resorption for calcium homeostasis, but effects on
bone growth have also been described. In addition, vitamins A, C, and D
have been implicated in the regulation of bone growth.

Growth hormone —Growth hormone deficiency impairs, and excess in-
creases, linear growth primarily by effects on epiphyseal cartilage. When
the epiphyses close, growth hormone can still stimulate cortical bone forma-
tion (18) and increase bone and skin collagen turnover (19).

In cartilage, growth hormone increases cell activity, stimulating protein,
ribonucleic acid, and mucopolysaccharide synthesis (20) and cell division
(21, 22). However, these effects are indirect. Growth hormone alone does
not stimulate cartilage growth in vitro (20). Administration of growth hor-
mone to hypophysectomized animals results in the appearance of sulfation
factor in the serum. This factor reproduces in vitro the in vivo effects of
growth hormone on cartilage (23). It is probably produced in the liver (24)
and has been partially purified (23, 25, 26) and shown to be a small protein
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or polypeptide bound to a larger protein in the serum. Measurable amounts
of sulfation factor first appear 6 to 12 hours after growth hormone adminis-
tration and persist in the serum much longer than the hormone (20). Medi-
ation of the long-term effects of growth hormone on the skeleton by sulfa-
tion factor is teleologically appropriate since secretion of growth hormone
itself is very irregular (27). Dwarfism associated with normal or elevated
growth hormone levels may be due to inability to produce sulfation factor
(28, 29).

Sulfation factor can affect protein synthesis in muscle as well as in car-
tilage (30), but it is not known whether it has any effect on bone matrix
formation or mineralization. Growth hormone itself may increase calcifica-
tion in fetal long bone shafts in vitro (31). The effects of growth hormone,
in vivo, on bone formation and collagen turnover could be direct, or medi-
ated by sulfation factor or by changes in the availability of ions such as of
phosphate or potassium. These ions are associated with the control of bone
growth (see below) and are affected by changes in growth hormone levels,

Insulin.—Clinical evidence in diabetics does not support any specific role
of insulin in growth and development. Juvenile diabetics may have ad-
vanced bonc age (32), and the incidence of osteoporosis is reported to be
lower in diabetics than in age-matched controls (33).

Insulin shares with sulfation factor the capacity to increase protein poly-
saccharide and nucleic acid synthesis in cartilage (34) but less markedly
and only at high doses, 10 to 400 mU/ml. The hormone can increase colla-
gen and, to a lesser extent, mucopolysaccharide synthesis in bone in organ
culture (35, 36). Acute in vitro studies of nucleoside and amino acid uptake
in isolated bone cells (37) or calvaria (38) have demonstrated insulin stimu-
lation at concentrations of less than 10 mU/ml, but these levels are still
well above the immunoreactive insulin concentration in normal human
plasma, 0-75 pU/ml (39).

Thyroxine.—Thyroxine and triiodothyronine are essential for normal
growth of the skeleton in childhood (40). This may be related to mainte-
nance of growth hormone levels since hypothyroidism is associated with de-
creased synthesis and release of growth hormone (27). The presence of
these thyroid hormones is also required for everyday bone turnover. This
has been demonstrated both by calcium kinetic studies (41, 42) and by mi-
croradiography (43). Thyroid ablation reduces both bone formation and re-
sorption and blunts responses to parathyreid hormone and thyrocalcitonin
(43). Thyroxine administration returns these processes to normal. In thyro-
toxicosis, excessive resorption may occur, resulting in hypercalcemia and
reduced bone mass (44).

In vitro, thyroxine stimulates chondrogenesis (45). Neither thyroxine
nor triiodothyronine affects bone resorption in tissue culture (46, 47) and
effects on bone formation and mineralization in vitro are unknown. It is
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probable that these thyrdid hormones have nonspecific roles in maintaining
bone cell metabolism and may increase sensitivity of the cells to other
agents, such as parathyroid hormone (43).

Glucocorticoids.—The osteoporosis of Cushing’s syndrome and the retar-
dation of growth of children given glucocorticoids have been ascribed to
inhibitory effects of glucocorticoids on bone. However, these impairments
need not be the result of direct effects on bone (48). Glucocorticoids inhibit
the release of growth hormone (48) and this could account for the reduc-
tion in the rate of cell division (49) and thinning of epiphyseal plates (50)
seen in glucocorticoid-treated animals. These steroids also inhibit calcium
absorption from the gut (51), thus reducing the availability of calcium. This
could induce secondary hyperparathyroidism resulting in increased bone re-
sorption and osteoporosis. Bone cell metabolism and differentiation may also
be impaired (50, 52).

In organ culture low doses of cortisol (1073 to 10-® M) can inhibit (53,
54) or enhance (55) mucopolysaccharide synthesis in cartilage depending
on the system used. Similar doses of cortisol inhibit protein and ribonucleic
acid synthesis and enhance ribonucleic acid catabolism in isolated bone cells
in vitro (56, 57). Glucocorticoids inhibit resorption in tissue culture (47,
58), particularly induction of resorption by brief exposures to parathyroid
hormone or 25-hydroxycholecalciferol (59), a process that requires ribonu-
cleic acid synthesis. These steroids also stabilize lysosomes, and their inhibi-
tion of release of lysosomal enzymes may contribute to their blocking of
resorption in vitro (60). That the direct effects of glucocorticoids in vitro
are inhibitory supports the suggestion that the increase in bone resorption
observed in vivo is the indirect result of calcium deficiency and increased
parathyroid activity.

Sex hormones.—The adolescent growth spurt, followed by closure of the
epiphyses and cessation of linear growth, is temporally associated with an
increase in sex hormone secretion. However, a causal relationship has not
been proven. In man, estrogens and androgens inhibit bone resorption pro-
duced in vivo by parathyroid hormone and triiodothyronine. This is indi-
cated by decreases in urinary hydroxyproline levels (61) and reduction of
bone-resorbing surface in microradiographs (62). Inhibition of bone re-
sorption may also be a major cause of the estrogen-induced increase in med-
ullary bone in rats and mice (63). However, these effects are probably
indirect, since inhibition of bone resorption in vitro can only be obtained
with high doses of these steroids (58).

Effects of sex hormones on bone formation are also contradictory. Es-
trogens induce medullary bone formation in birds, and increased osteoblast
numbers are associated with new medullary bone in estrogen-treated mice
(64). However, estrogen can decrease collagen synthesis in rat skin and
bone (65). In cartilage, estrogens reduce mucopolysaccharide content (66,
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67) and increase calcium. These effects may be related to antagonism of the
peripheral actions of growth hormone and promotion of skeletal maturation.

Castration of rats produces a deficiency in skeletal mass relative to body
weight (68). It is possible that androgens could increase bone growth by
increasing muscle development and thus increase mechanical stress. Testos-
terone administered to rats results in acceleration of maturation of cartilage
cells, increased glycogen reserves, and widening of the calcifying zone of
epiphyseal plates (69). Similarly, in culture, increased calcium-to-hydroxy-
proline ratios have been obtained in androgen-treated chick frontal bones,
suggestive of more rapid maturation of the bone matrix (70).

Parathyroid hormone.—It is well established that parathyroid hormone
stimulates bone resorption and that this is important not only for calcium
regulation but also for bone growth and remodeling (4). The effects of para-
thyroid hormone on bone formation are less clear. Following large doses
of parathyroid hormone in vivo, bone collagen synthesis as measured by in-
corporation of 4C-proline is initially inhibited (71, 72). However, repeated
administration of the hormone leads to increased collagen synthesis (73)
and excessive amounts of metaphyseal bone (74). In patients with hyper-
parathyroidism and overt bone discase, enhanced bone formation was ad-
duced from elevated serum alkaline phosphatase (75) and increased nondia-
lyzable urinary hydroxyproline (76) and has been confirmed by morpholog-
ical studies (77, 78).

In vitro, parathyroid hormone inhibits glycine and proline incorporation
into bone matrix (79, 80). However, amino acid transport in calvaria can be
enhanced by the hormone (81). Nucleoside uptake is stimulated in isolated
bone cells (82) and cultured calvaria (83), though in vivo incorporation of
nucleosides into ribonucleic acid is initially depressed in osteoblasts, the typ-
ical bone-forming cells (84). In vivo, parathyroid hormone transiently stim-
ulates the incorporation of hexosamine into bone (71), and in vitro, in-
creases the production of glycosaminoglycans by isolated chondrocytes (85)
but reduces their degree of sulfation (86). Thus, the hormone has both
stimulatory and inhibitory effects on pathways involved in matrix synthesis.

If the primary effect of parathyroid hormone on bone-forming cells is
inhibitory, a subsequent increase in bone could occur because bone forma-
tion is tightly coupled to resorption and as resorption increases, formation is
stimulated to compensate for bone loss (3). Also, the parathyroid hormone-
induced increase in intracellular calcium concentration (87) could act as a
nonspecific stimulus for cell division and growth (88, 89).

Calcitonin.—The role of calcitonin as an inhibitor of bone resorption is
widely accepted (90), but there is still controversy concerning its effects on
bone formation. Increased amounts of bone have been reported in parathy-
roidectomized (91) and intact rats (92) following repeated administration
of calcitonin. However, these effects could be due to inhibition of resorption
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as much as to enhanced formation. In thyroparathyroidectomized rats
chronically treated with calcitonin, inhibition of matrix formation has been
found (93). Both in vivo (94) and in vitro (95) increased numbers of os-
teoblasts have been reported following calcitonin treatment, but the hor-
mone does not increase collagen synthesis in either situation (96, 97). Calci-
tonin can stimulate production of glycosaminoglycans by isolated chondro-
cytes in vitro (98).

Early suggestions that excess calcitonin secretion might be responsible
for such diseases as osteopetrosis and pseudohypoparathyroidism have not
been confirmed by recent studies, at least in man (90). Patients with medul-
lary carcinoma of the thyroid have high titers of calcitonin both in the
thyroid and in the blood. Though some have hypocalcemia and decreased
calcium turnover, most patients, even young individuals in whom the epi-
physes have not yet closed, do -not show any gross abnormalities of bone
growth or mineral metabolism (99, 100). This suggests that calcitonin does
not play a major role in skeletal development.

Vitamin A—Vitamin A is essential for normal growth and remodeling
of the skeleton. Deficiency of the vitamin is characterized by bony over-
growths, especially the narrowing of foramina of cranial and spinal nerves,
leading to pressure damage of the nerves (101). Recent studies confirm that
this is due to inhibition of bone resorption rather than stimulation of forma-
tion (102). Collagen synthesis and mineral accretion are decreased (103).

Excess vitamin A, in vivo, changes the staining properties and organiza-
tion of cartilage matrix, decreases linear growth and increases resorption of
bone (104, 105). Similar effects can be produced in vitro by the vitamin
(106, 107) and these have been attributed to increased synthesis and release
of lysosomal enzymes which are directly involved in the breakdown of bone
and cartilage matrix (60, 108).

Vitamin C.—The requirement of vitamin C for bone growth has been
well established. In vitamin C deficiency, collagen synthesis is impaired both
in vitro (109, 110) and in vivo (111). Bone formation is inhibited and os-
teoporosis may develop (112). Inhibition of collagen synthesis has been
attributed to decreased hydroxylation of proline, which prevents completion
of the collagen molecule and its extrusion from the cell (113). The vitamin
can act as a co-factor in the hydroxylation step, but recent studies of the
enzyme protocollagen proline hydroxylase have cast doubt on this role since
the requirement for the vitamin decreases as the enzyme is purified (114).
The vitamin may also have effects on polysome size in collagen-synthesizing
cells (115).

Vitamin D.—The original concept that vitamin D acted mainly to en-
hance calcium absorption in the intestine (116) must now be reconsidered.
Evidence is rapidly accumulating that vitamin D undergoes extensive me-
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tabolism in the body to form more polar metabolites (117, 118) and that at
least two of these, 25-hydroxycholecalciferol and 1,25-dihydroxycholecalci-
ferol, have direct effects on bone as well as intestine. Both these metabolites
stimulate bone resorption in tissue culture (119, 120) and 25-hydroxychole-
calciferol can act synergistically with parathyroid hormone to enhance re-
sorption (4).

Whether or not vitamin D or its metabolites have direct effects on bone
formation is still debated. Vitamin D controls bone mineralization by reg-
ulating the availability of calcium. In vitamin D deficiency, the (calcium X
phosphorus) product is low and there is a delay in the mineralization of
newly formed matrix (121), resulting in wide osteoid borders so typical of
rickets and osteomalacia. The correlation hetween low blood calcium con-
centration and delayed mineralization can be observed even if the supply of
vitamin D is adequate (122). Evidence has been presented that serum from
normal but not D-deficient animals contains a factor other than vitamin D
that stimulates uptake of calcium by bone in tissue culture (123), and it is
possible that the vitamin regulates the production of a calcium-binding pro-
tein for use in bone, similar to that induced by vitamin D in the intestine
(124).

Further characteristic lesions of vitamin D deficiency are wide epiphy-
seal growth plates with increased numbers of hypertrophic cartilage cells
(49, 125), and decreased linear growth. This appears to be related more to
defects in mineralization and subsequent failure of resorption of the growth
plate than to presence or absence of vitamin D, In rats, the lesions occur
only in D-deficient animals on low phosphate diets and can be reversed by
phosphate administration alone.

Bone matrix formation may be decreased (121) in vitamin D deficiency.
This could represent an intrinsic response of osteoblasts to failure of miner-
alization or a specific change in cell metabolism due to lack of the vitamin.
Data on the latter possibility are conflicting. In rachitic chicks, an increase
in incorporation of *C-proline into collagen has been reported both in vivo
and in vitro (126). However, the in vivo observation has been challenged
on the basis of errors due to differences in isotope pool size and other in
vivo experiments in rats in which collagen synthesis was increased after
administration of vitamin D to D-deficient animals before any increase in
serum calcium concentration was observed (127).

Ions As MEepiaTtors oFr HorMmonarL ErrecTs

Many of the effects of humoral agents on bone may be mediated through
changes in the ionic composition of the extracellular fluid or of bone cells.
In cells, changes are difficult to measure since minerals may be sequestered
in subcellular organelles (128, 129) and isolation procedures may them-
selves change the distribution of ions in these organelles (130). Even more
difficult to analyze are ion activities in the space between bone cells and the
mineralized matrix. This space is functionally and anatomically isolated
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from the extracellular fluid (131) and is a potential site for regulation not
only of mineralization (132) but also of matrix deposition and maturation
(121). Calcium, phosphate, pyrophosphate, and potassium may all be associ-
ated with the effects of hormones on bone growth.

Calcium.—The calcium concentration in plasma is probably maintained
by continuous active transport of calcium from bone to blood. This trans-
port involves osteoblasts and osteocytes as well as osteoclasts. In tissue cul-
ture, osteoclastic bone resorption once under way is relatively insensitive to
medium calcium concentration (133), although the initial steps in the induc-
tion of resorption by parathyroid hormone are calcium sensitive (134). Par-
athyroid hormone stimulation of cell division in rat thymocytes is calcium
dependent (89), and calcium loading of rats can simulate the increase in
ribonucleic acid synthesis induced in bone by parathyroid hormone (135).
Thus it is probable that parathyroid hormone-induced proliferation of mes-
enchyme to produce bone resorbing cells (136) and stimulation of ribonu-
cleic acid synthesis may be mediated by calcium.

Phosphate—Raising the phosphate concentration in vitro can inhibit
bone resorption (133), but, in vivo, phosphate loading lowers serum calcium
concentration, stimulates the secretion of parathyroid hormone (137, 138),
and increases resorption. The hypocalcemia with resultant stimulation of
parathyroid activity may occur by several mechanisms: high oral loads of
phosphate could impair calcium absorption from.the gut; both increased
formation and decreased resorption of bone would tend to lower serum cal-
cium; phosphate might initially bind to calcium and other divalent cations
and result in the formation of complexes that are removed from the circula-
tion (139).

In vitro, increasing phosphate concentration increases mineralization in
embryonic chick bone rudiments (140) and stimulates the synthesis of colla-
gen in fetal rat bone (141). In this system phosphate has a greater stimula-
tory effect on collagen synthesis in bone than in cartilage (141). In young
animals there is a positive correlation between growth rate and serum phos-
phate levels.

The importance of phosphate as a mediator of hormonal effects is not
yet known. Growth hormone increases serum phosphate concentration and
phosphate could mediate its effects in bone just as sulfation factor does in
cartilage. Parathyroid hormone raises urinary phosphate excretion and the
resultant lowering of serum phosphate concentration could add to the direct
effect of the hormone to inhibit bone formation and increase resorption.
Phosphate loading of thyroparathyroidectomized animals markedly en-
hances the hypocalcemic effect of calcitonin (90). It has been suggested
that calcitonin acts through phosphate on the basis of experiments in which
changes in serum phosphate concentration occurred without changes in se-
rum calcium (142, 143).
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Pyrophosphate—Pyrophosphate is an inhibitor of apatite crystal growth
and dissolution (144), and changes in the local concentration of this ion
could mediate hormonal effects on bone mineral. Both parathyroid hormone
and calcitonin can alter the activity of pyrophosphatases in vitro (145, 146).
Pyrophosphates are poor investigational tools since they are so easily hy-
drolyzed by tissues, but the diphosphonates (chemically similar but with a
P—C—P bond instead of the P—O—P bond of pyrophosphate) are more sta-
ble. The success of diphosphonates in inhibiting bone resorption in tissue
culture and preventing aortic calcification in rats (144) lends further sup-
port to the concept of pyrophosphate as an important factor in regulation of
bone mineral turnover.

Potassium—The total concentration of potassium in bone is considera-
bly higher than can be accounted for by the intracellular potassium content
of the associated bone cells (147). The excess potassium is freely exchange-
able and presumably is present in the fluid compartment between the bone
cells and the mineralized matrix (148). Its high concentration is dependent
upon living cells and is positively correlated with growth rate. Bone potas-
sium levels fall with increasing age, after hypophysectomy, and in vitamin
D deficiency (147). Assuming that these changes in potassium concentra-
tion are the result of active cellular transport, any hormone that affects po-
tassium transport could affect bone growth. These include thyroxine,
growth hormone, insulin, and cortisol, and recently both parathyroid hor-
mone (149) and thyrocalcitonin (150) have been shown to affect monova-
lent cation transport,

OSTEOPOROSIS OF AGING

Osteoporosis is by far the most prevalent disorder of the skeleton of
man. It is not a single disease but a collection of disorders with many differ-
ent causes (3). Common to these disorders is a decrease in bone mass. The
bones are not smaller in outside dimension but have thinner cortices and
fewer trabeculae. They are thus less capable of weight-bearing and more
prone to distortion and fracture. Osteoporosis may begin as a deficient bone
mass early in life (151), and the observation that young women have 209,
less cortical area in their metacarpals than young men (152) suggests that
there may be a genetic basis for the high incidence of symptomatic osteopo-
rosis in women. The disorder is threc times as common in women as in men,
over the age of 65 (153)

Whatever the original state of the bones, development of symptomatic
osteoporosis depends on the progressive loss of bone mass with age. The
loss implies that bone resorption outstrips formation but does not indicate
which process, excessive bone resorption or impaired formation, is abnormal.
Many factors could induce the imbalance and much more research will be
required to elucidate the mechanisms involved.

It has been suggested that increased resorption could be due to increased



Annu. Rev. Pharmacol. 1972.12:337-352. Downloaded from www.annualreviews.org

by UNIVERSITY OF MIAMI on 12/16/11. For personal use only.

346 ' RAISZ & BINGHAM

secretion of parathyroid hormone or increased end organ responsiveness to
the hormone (3). Functional parathyroid and thyroid glands are required
for the development of immobilization osteoporosis (154). Much current
therapy for osteoporosis is directed toward inhibiting bone resorption. For
example, diphosphonates, pharmacological inhibitors of resorption, can pre-
vent immobilization osteoporosis in rats (155). In similar disorders, results
with calcitonin, the major physiological inhibitor, have been contradictory
(156, 157), and long-term use of calcitonin in generalized osteoporosis in
man has not been encouraging, producing some relief from bone pain but ne
significant improvement in bone structure (158, 159).

The role of calcium in the development of osteoporosis is much debated.
The best laboratory model of the generalized disorder is obtained by pro-
ducing calcium deficiency in adult animals and subsequent secondary hyper-
parathyroidism (122). Calcium intake or absorption may be impaired in os-
teoporotics (160). Calcium loading has been used with some success in ther-
apy of rapidly developing idiopathic osteoporosis (161).

The increased osteoporosis of old age, particularly in women, has been
attributed to reduction of sex hormone levels. Estrogens can inhibit bone
resorption in culture (58) and can reduce bone-resorbing surfaces in osteo-
porotics (62), but no increase in bone mass is obtained on long-term use of
this hormone in man (3). Although several studies have suggested that ad-
ministration of estrogen may reduce the rate of loss of bone postmenopau-
sally (162, 163), well controlled trials have yet to be carried out to prove
the efficacy of estrogen in the prevention and treatment of osteoporosis.

Impairment of collagen synthesis may also be a cause of osteoporosis.
“Transparent skin,” characterized by low collagen content and small, dis-
persed collagen fibers, is typical of osteoporotics (164). Radiologically,
there is a positive correlation between thin skin and reduced bone mass
(165). The fact that skin can be thickened by androgen treatment (166)
and that both thin skin and osteoporosis are less prevalent in hirsute women
(167) suggests that there is a relationship between androgens, collagen syn-
thesis, and osteoporosis. Androgens may be therapeutic agents worthy of
further investigation. Fluoride is the only agent that has been shown to
stimulate bone formation in osteoporotics (168). However, the bone formed
may be structurally abnormal and poorly mineralized. Kinetic studies re-
veal no significant increase in total bone calcium in patients treated with
fluoride for several months (169).

NEw AREAs FOR RESEARCH

A major difficulty in studying the contrel of skeletal development has
been the lack of accurate methods for measuring changes in bone formation
and resorption in vivo. Recent advances in our knowledge of collagen chem-
istry suggest new approaches to this problem and indicate new sites at
which regulation of collagen synthesis by hormones could occur.
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Differences in amino acid composition in collagen.— Vertebrate collagens
are composed of aggregates of tropocollagen molecules, each a triple helix
of amino acid chains. In bone and soluble skin collagen two of these chains
are identical, @1 (I), and the third has a slightly different amino acid compo-
sition, @2 (170, 171). Insoluble skin collagen from human infants contains a
mixture of this [al(I)],a2 collagen and triple helices of three identical
chains of a new type, al(III) (172). Over 90% of cartilage collagen is
composed of triple helices of yet another type of chain, designated al(II)
(173, 174). The synthesis of these different amino acid chains must be un-
der genetic control and each could be regulated independently. This possibil-
ity is supported by evidence that phosphate concentrations enhance bone
collagen synthesis without having much effect on cartilage collagen (141),
Parathyroid hormone inhibits collagen synthesis in bone to a greater extent
than in cartilage (80). By isolating, identifying, and quantitating these
specific collagens, it shonld be possible to obtain further information about
differential effects of hormones on bone, cartilage, and skin,

Differences in post-translational steps in collagen synthesis—Collagen
chains differ not only in their primary amino acid composition but also in
the degree to which they are hydroxylated and glycosylated, obligatory
steps prior to their extrusion from the cell (113). Changing the activity of
hydroxylases or transferases or availability of cofactors at these stages of-
fers further opportunities for hormonal regulation of collagen synthesis.
About 45% of proline residues are hydroxylated in each of the collagen
chains (174), but hydroxylation of lysine is more varied, for example, 15%
in @l (1), 66% in al(1I) (175). Hydroxylysine residues are used in the for-
mation of cross-links and are also the site of attachment of carbohydrate.
Monosaccharide (galactosyl hydroxylysine) and disaccharide (glucosyl! ga-
lactosyl hydroxylysine derivatives have been isolated. The monosaccharide
predominates in bone whereas the disaccharide is commoner in skin and
cartilage (176, 177). Thyroxine, cortisol, and growth hormone all inhibit
glycosylation of cartilage collagen in vitro (178).

Use of collagen degradation products to measure bone formation and re-
sorption in vivo—The hydroxyprolinc that appcars in urine is derived
from endogenous collagen (179) and 959 is peptide-bound. Most of
the peptides are dialyzable, although about 109, are larger, more hetero-
geneous and nondialyzable (76, 180). An increase in the nondialyzable
fraction has been found in bone diseases involving rapid bone turnover
(Paget’s hyperthyroidism), in patients given growth hormone, and fol-
lowing parathyroidectomy (76, 180). On the basis of these observations
it has been suggested that these nondialyzable peptides are derived from
newly formed collagen molecules that are not incorporated into bone ma-
trix. These might represent carrier “procollagen” fragments cleaved prior
to the formation of tropocollagen (181) or discarded «2 chains (180). Re-



Annu. Rev. Pharmacol. 1972.12:337-352. Downloaded from www.annualreviews.org

by UNIVERSITY OF MIAMI on 12/16/11. For personal use only.

348

RAISZ & BINGHAM

cent evidence shows that @l and &2 chains are assembled at the same rate
(182), although only one a2 chain is used for every two al chains in the
typical [@l(I)].a2 collagen molecules. Free a2 chains are released into the
culture medium by fibroblasts in vitro (181).

Glycosylated hydroxylysines derived from collagen have also been iso-

lated from urine (177). Changes in the ratio of glucosyl galactosyl hydroxy-
lysine to galactosyl hydroxylysine may reflect differences in the rate of col-

lagen breakdown in different tissues (176).
Thus, by studying urine levels of glycosylated hydroxylysines and hy-

droxyproline-containing peptides, further information may be obtained on
collagen synthesis and degradation, in vivo, in different tissues, and as af-
fected by different hormonal agents,
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