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Abstract. Normal intestinal calcium (Ca) absorption is an to correct all types of age-dependent impairments in intes-
essential feature of bone homeostasis. As with many othdmal Ca absorption and secondary hyperparathyroidism dur-
organ systems, intestinal Ca absorption declines with agindng aging. However, from a clinical standpoint, it is impor-
and this is one pathological factor that has been identified atant to recognize the type of vitamin D deficiency in patients
a cause of senile osteoporosis in the elderly. This abnomwith senile osteoporosis so that primary vitamin D defi-
mality leads to secondary hyperparathyroidism, which isciency can be appropriately treated with plain vitamin D
characterized by high serum parathyroid hormone (PTHj}herapy, whereas 1,25(0}), deficiency/resistance will be
and an increase in bone resorption. Secondary hyperpargroperly treated with 1,25(OHDP; or 1a(OH)D, therapy.
thyroidism due to poor intestinal Ca absorption has beeWith respect to postmenopausal osteoporosis, there is
implicated not only in senile osteoporosis but also in agestrong evidence that active vitamin D analogs (but not plain
related bone loss. Accordingly, in population-based studiesyitamin D) may have bone-sparing actions. However, these
there is a gradual increase in serum PTH from about 2@ffects appear to be results of their pharmacologic actions
years of age onward, which constitutes a maximum increasen bone formation and resorption rather than through re-
at 80 years of age of 50% of the basal value seen at 30 yeapdenishing a deficiency.

of age. The cause of the increase in PTH is thought to be

partly due to impaired intestinal Ca absorption that is assoKey words: Osteoporosis — Vitamin D therapy — Cal-
ciated with aging, a cause that is not entirely clear but atitriol therapy — Alfacalcidol therapy (human).

least in some instances is related to some form of vitamin D

deficiency. There are three types of vitamin D deficiency:
(1) primary vitamin D deficiency, which is due to a defi-
ciency of vitamin D, the parent compound; (2) a deficiencyOsteoporosis is characterized by the decrease in bone mass
of 1,25(0OH)D; resulting from decreased renal production and the deterioration of microarchitectural integrity of bone
of 1,25(0OH)Dg; and (3) resistance to 1,25(Ojfl), action  tissues, leading to an impaired bone strength and an in-
owing to decreased responsiveness to 1,25¢Dk0f target  creased risk for nontraumatic bone fractures. The two forms
tissues. The cause for the resistance to 1,25(Digould  of primary osteoporosis are postmenopausal (type 1) and
be related to the finding that the vitamin D receptor level insenile (type II). Although the pathogenesis of these two
the intestine tends to decrease with age. All three types dbrms is different, there is evidence that in both types the
deficiencies can occur with aging, and each has been imefficiency of Ca absorption is impaired. Evidence of the
plicated as a potential cause of intestinal Ca malabsorptionatter is far more convincing in the senile than in postmeno-
secondary hyperparathyroidism, and senile osteoporosipausal osteoporosis [1-5]. This abnormality leads to sec-
There are two forms of vitamin D replacement therapiesondary hyperparathyroidism, characterized by high serum
plain vitamin D therapy and active vitamin D analog (or PTH and an increase in bone resorption, which subsequently
D-hormone) therapy. Primary vitamin D deficiency can beresults in bone loss and osteoporosis [6, 7]. Thus, the aging-
corrected by vitamin supplements of 1000 U a day of plainrelated Ca malabsorption has been implicated as one of the
vitamin D whereas 1,25(OHD, deficiency/resistance re- potential causes of osteoporosis in the elderly. The major
quires active vitamin D analog therapy [1,25(QBl) or physiologic regulator of intestinal Ca absorption is vitamin
1a(OH)D4] to correct the high serum PTH and the Ca mal-D. Accordingly, a potential cause of the aging-related Ca
absorption. In addition, in the elderly, there are patients withmalabsorption is the vitamin D deficiency that frequently
decreased intestinal Ca absorption but with apparently nofeccurs with advancing age [8—10]. Moreover, vitamin D
mal vitamin D metabolism. Although the cause of poor deficiency has often been associated with senile osteoporo-
intestinal Ca absorption in these patients is unclear, thessis and fragility fractures [11]. Thus, the aging-related vi-
patients, as well as all other patients with secondary hypertamin D deficiency is a significant risk factor of age-related
parathyroidism (not due to decreased renal function), showone loss and senile osteoporosis [12].

a decrease in serum PTH and an increase in Ca absorption There are currently two forms of vitamin D replacement
in response to therapy with 1,25(0); or 1a(OH)Ds. In  therapy for osteoporosis: that which treats patients with vi-
short, it is clear that some form of vitamin D therapy, either

plain vitamin D or 1,25(0OH)D5 or 1a(OH)D5, can be used

1 Classically, vitamin D deficiency is thought to cause osteomala-
— cia. This is true for severe vitamin D deficiency, whereas mild
Correspondence tK.-H. W. Lau at the Musculoskeletal Disease vitamin D deficiency, where the serum calcium is usually in the
Center (151) normal range, causes osteoporosis and not osteomalacia.




296 K.-H. W. Lau and D. J. Baylink: Vitamin D Treatment of Osteoporosis

tamin D, or D, parent compounds of the active metabolite,ism, increased bone turnover, bone loss, osteoporosis [16,
1,25(OH)}D; (we refer to this form as the plain vitamin D 17], and an increased risk of fractures [18, 19]. Conse-
therapy); and that which uses the active vitamin D metaboguently, the aging-associated primary vitamin D deficiency
lite [i.e., 1,25(OH)D (calcitriol)] or an active analog [e.g., is a significant clinical problem for the elderly.

1a(OH)D; (alfacalcidol)] as the therapeutic agent (we refer

to this as the active vitamin D analog or D hormone

therapy). Primary vitamin D therapy is effective in primary 1 25(0H)D, Deficiency

vitamin D deficiency, but not in patients who have Ca mal-

absorption as a consequence of a deficiency or a resistancgg. - : : N

to 1,25(0H)Ds. The finding that both forms of therapy are Eer}mary 125(0"‘?%3 detflc;ﬁncly, qtnlt|}<e pr:‘mary vitamin D
effective in specific types of vitamin D deficiency has led to $|C|encl:3y, |sd/no 25”%# % Itml 31'0”.0 precu(;sg)rs, S'g"
a disagreement over whether there are sufficient therapeutiit@min D and/or 25(OH)R, but rather, is caused by a de-

differences between the two therapies to justify the need ofct In the lzy?]thesis of 1%5(0'2{)3' .1’2.5(OH¥D|3 defi-b
the relatively more expensive active vitamin D analogC/€NCy Would then cause a decrease in intestinal Ca absorp-
therapy [13]. tion, increased serum PTH, and increase bone resorption,

bone loss, and osteoporosis. The pathogenesis of primary
1,25(0OH)D, deficiency is related to an impaired ability of
the kidney to synthesize adequate amounts of 1,25{DH)
rather than an inadequate supply of the substrate 25(QH)D
Thus, primary 1,25(OHpP, deficiency is common in pa-
tients with renal insufficiency or renal failure, or other renal
Wiseases. Accordingly, low serum levels of 25(0H)D
would not be a characteristic of 1,25(0OB); deficiency.
Conversely, typical diagnostic criteria of 1,25(QB), de-
ficiency are low serum 1,25(0OHDp,, normal serum
25(0OH)D;, Ca malabsorption, secondary hyperparathyroid-
ism, increased bone turnover, and bone loss.

Types of Vitamin D Deficiency

Vitamin D deficiency collectively describes a number of
pathophysiological conditions that are characterized by a
inadequate amount or insufficient biological action of
1,25(0H)}D,. Theoretically, vitamin D deficiency can be
caused by (1) inadequate supplies of the precursors, vitam
D and/or 25(0OH)RQ, leading to insufficient production of
1,25(OH)}D; (primary vitamin D deficiency); (2) reduced
abilities of the kidney to produce 1,25(0OkD,
[1,25(OH),D deficiency]; and (3) reduced responsiveness
of target organs to 1,25(0OkD; actions [1,25(OH)D; re- .
sistance]. Thus, there can be three different subtypes dr22(OHLDs Resistance
vitamin D deficiency.

The aging-associated decline in functions of various tissues

and organs in the elderly can produce resistance of target
Primary Vitamin D Deficiency organs to 1,25(0OHPs, leading to reduced 1,25(0OD,

biological actions. Accordingly, higher levels of
Primary vitamin D deficiency is caused by an inadequatel,25(OH)LD; will be needed in patients with the
supply of the precursors, i.e., vitamin D and/or 25(0K)D 1,25(0OH)}D; resistance to acquire the same levels of
resulting in low serum levels of 1,25(0Ds. Vitamin Dis  1,25(OH}D biological actions as those seen in normal in-
photosynthesized in the skin in response to the UVB light ofdividuals. Thus, the “normal” 1,25(OHD; levels, which
sunlight or obtained through dietary sources. Inadequatare adequate for normal subjects, would be insufficient to
sunlight exposure, which is regularly seen in countries ofneet the physiological needs of resistant patients. Hence,
northern latitudes [14], or insufficient nutritional vitamin D 1,25(OH}D resistance may be considered as a form of
intake, which is a common problem of the elderly [15], secondary 1,25(OHD; deficiency. However, 1,25(0HD,
are frequent causes of primary vitamin D deficiency. Theresistance, unlike 1,25(ObD); deficiency which has a
photosynthesized or absorbed vitamin D undergoes 250ower serum 1,25(OHP; level, would be expected to show
hydroxylation to produce 25(OH)Pin the liver. This he- normal or slightly elevated (due to feedback regulation)
patic hydroxylation is unregulated and solely substrateserum 1,25(OHD;. On the other hand, in spite of elevated
dependent. The 25(OH)Ds converted to the physiologi- levels of serum 1,25(0HD, these patients would exhibit
cally active 1,25(0OH)D, in the kidney by the renal all the metabolic features of vitamin D deficiency; i.e., re-
25(OH)D-1n-hydroxylase. An inadequate vitamin D supply duced intestinal Ca absorption, secondary hyperparathy-
would lead to reduced levels of 25(OH)which then lim- ~ roidism, increased bone turnover, and bone loss. Conse-
its the 1,25(OH)D, production, resulting in low quently, a typical patient with 1,25(Ok); resistance
1,25(0H)D; levels? i.e., vitamin D deficiency [16]. Thus, Wwould have normal serum 25(OH)Devels, normal or
a low serum 25(OH)Blevel is a frequently used diagnostic slightly elevated serum 1,25(O5D); levels, but at the same
hallmark for primary vitamin D deficiency. Primary vitamin time would exhibit reduced intestinal Ca absorption, sec-
D deficiency is not merely a biochemical abnormality, it is
also regularly associated with secondary hyperparathyroid-

3 There is a progressive decrease in Ca absorption efficiency (i.e.,
_— percent of the oral load of Ca that is absorbed) as a function of
2 During the development of a deficiency of 1,25(GIb) thereis  aging, with a marked reduction in efficiency in the elderly. We
first a decrease in the level of 1,25(0OJB),, which results in an  assume that this reduction in Ca absorption efficiency is a conse-
increase in serum PTH, which in turn raises the 1,25(G¥)level quence of a decreased action of 1,25(GIB). The basis for this
back to the normal level, though it may be a low normal level.assumption is that, invariably, the malabsorption of Ca in the
Thus, one can have deficiency of 1,25(GBY) that is not always  elderly can be corrected by 1,25(0OH), therapy. This latter ac-
apparent. At the new equilibrium, there is a high serum PTH andtion of 1,25(OH)D, constitutes presumptive, but not definitive,
a normal or low normal serum 1,25(0OkD),, changes that to- evidence for decreased 1,25(QB), action as the cause of the Ca
gether result in increased bone resorption and thus bone loss. malabsorption in the elderly.
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ondary hyperparathyroidism, increased bone resorption, 120

bone loss, and osteoporosis. h-PTH-(1-34) Infusion 75 ng/kg/hr

110 |
€ 100} p=0.05
Vitamin D Deficiency and Aging S
Q 90F
There is ample evidence that aging, even in apparentlyy g |
healthy individuals, is frequently associated with the pri-g p<0.05

mary vitamin D deficiency, as reflected by a progressive— 70 [
decline in serum 25(OH)Plevels and a mild progressive g 60
increase in serum PTH [20, 21]. Primary vitamin D defi- 2 i
ciency is an even more frequent problem for hospitalized og§  so |
house-bound patients. For instance, a recent report indicated
that 57% of patients in a large medical service showed low 40
serum 25(OH)R levels, indicating just how widespread this 30 L— L 1 1 L L 1
deficiency may be [22]. Accordingly, primary vitamin D (] 4 8 12 16 20 24
deficiency is prevalent in the elderly, especially those who Hours
live in institutions or are housebound and those who live in_. . s
countries where sunlight is limited and/or where food is notFi9: 1. Impaired serum 1,25(OHIp; response to PTH infusion in
fortified with vitamin D [23]. Therefore, primary vitamin D Oztrfnoiggirgrt]')c patients. (Reproduced from Slostial., 1981, with
deficiency may be related to insufficient sunlight expo:sureIO '
and/or poor nutritional intake in the elderly population.

There is evidence that 1,25(0O}8), deficiency is also a
prevalent problem for the elderly. In this regard, there are 500

Young normal

Osteoporotic

reports that a significant number of elderly women, espe- r=-0.38

cially those over 65 years of age, had significantly lower . . p=0.03
n=44

levels of serum 1,25(0OHP,; even though their serum o

25(0OH)D; levels were well within normal ranges [9,24-26]. §

There is also evidence for a progressive decline in renal

function with age, leading to reduction in the renalg

25(0OH)D-1a-hydroxylase activity and a decrease in >

1,25(OH)}D; production [9,27]. The response to a 24-hour g

PTH (a stimulator of renal 25(OH)Dethydroxylase) infu-

sion to produce 1,25(0OHp 5 was also significantly lower in

elderly women compared with that in younger women+% 200}

[9,26]. This reduction in response correlated inversely and™ .

significantly with age. The inability to produce =204 .

1,25(OH)}D; in response to the PTH challenge was more 100 V[,)R ,394, 1'fxa_ge o

pronounced in the elderly women with hip fractures than in 10 20 30 40 50 60 70 80 90

those without the fracture [27] and also, as shown in Figure

1, in patients with osteoporosis than in normal subjects [28]. Age, years

In addition, a recent study indicated that dietary Ca depriig. 2. Intestinal vitamin D receptor (VDR) concentration as a

vation (a potent activator of 1,25(Obl); synthesis) also function of age in 44 healthy women of 20-87 years of age. (Re-

failed to stimulate the 1,25(OH); synthesis in patients produced from Ebelingt al., 1992, with permission).

with osteoporosis in contrast to the age-matched control

subjects [29], further supporting the fact that a defect in

renal 25(OH)D-&-hydroxylase could be responsible for ) ) o

1,25(0OH)D; deficiency in elderly patients with osteoporo- €lderly women who had reduced intestinal Ca absorption in

sis. spite of normal levels of serum 1,25(0}D; (i.e.,
There is circumstantial evidence that 1,25(GIBY) re- 1,25(0OH}D, resistance) had normal intestinal VDR levels

sistance may also be present in some elderly subjects. In thig6]. Thus, we should also consider the alternative possi-

regard, it has been reported that serum 1,25¢Dk)n a  bility that reduced 1,25(OHD; responsiveness may be due

large number of elderly women either increased [24, 25, 300 a decrease in VDR affinity for 1,25(OH); and/or to

31] or remained unchanged [30—34] with age, notwithstanddefects in other regulatory factors of 1,25(QBl) action

ing that they all exhibited an aging-related decline in intes-and Ca absorption. Regardless of the cause of the resistance,

tinal Ca absorption and increased serum PTH levels. Thed@ere is now strong evidence that aging may also be at-

findings are consistent with the interpretation that these eltended by, in addition to primary vitamin D deficiency and

derly women exhibited an intestinal resistance to the calcel,25(OH)D; deficiency, 1,25(0OH)D; resistance [37].

mic action of 1,25(0OH)D,. A potential cause of the resis- Hence, the etiology of the aging-associated vitamin D de-

tance may be due to defects in the regulation in the numbéficiency may be multifactorial.

of vitamin D receptors (VDR) which mediate genomic ac-

tions of vitamin D [35]. Figure 2, which shows a progres- o _

sive decrease in the intestinal VDR level as a function ofvitamin D Deficiency and Osteoporosis

age, ranging from 20 to 90 years [31], supports the conten-

tion that 1,25(0OH)D; resistance is related to an age- There is increasing evidence that vitamin D deficiency is

associated reduction in VDR concentrations in target tisinvolved in the pathogenesis of osteoporosis, particularly

sues. On the other hand, a recent study revealed that matiyat of senile osteoporosis. Figure 3 illustrates a model of
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\*1—'/ Fig. 4. Basal serum PTH and serum PTH after 1 week of calcitriol

Fig. 3. A d model d ibi hani by which vi treatment in 10 elderly women (71-77 years of age). Serum PTH
I9. 3. A proposed model describing mechanisms by which vita-jaye|s are expressed as percentage of premenopausal PTH level
min D deficiency may lead to increased bone resorption and deagapted from Ledgeet al, 1994 with permission).

creased bone formation (see text for details).

ficiency could contribute significantly to the pathogenesis
potential mechanisms whereby the age-associated vitam@f osteoporosis, especially that of senile osteoporosis.
D deficiency causes bone loss and, eventually, senile osteo- There is an abundance of circumstantial evidence in sup-
porosis. Accordingly, the overall effect of the age- port of this model. Accordingly, it has been well docu-
associated vitamin D deficiency, regardless of the etiologymented that aging is frequently associated with decreases in
is reduced effective concentrations and/or biological actiongtestinal Ca absorption [1-5] and increases in serum PTH
of 1,25(0OH),Ds, the biologically active form of vitamin D. [25, 44]. These aging-associated changes in intestinal Ca
A major action of 1,25(OH)D; is to stimulate intestinal Ca absorption and serum PTH are closely related to the vitamin
absorption. Thus, vitamin D deficiency would lead to CaD deficiency, since the Ca malabsorption can be effectively
malabsorption which subsequently results in a decline irforrected by treatments with vitamin D or active vitamin D
serum Ca. In response to the reduced serum Ca level, PT&nhalogs [6,45,46], and, as is shown in Figure 4, administra-
secretion increases, leading to secondary hyperparathyroition of 1,25(0H}D; (1 pg/day for 1 week) to elderly
ism, which in turn causes an increase in bone resorptiorivomen readily regressed their elevated serum PTH levels
In addition to increasing intestinal Ca absorption,back to those of premenopausal women [47]. Aging is also
1,25(0H),D, also has a direct suppressive effect on PTHassociated with increases in bone resorption, as reflected by
secretion [38]. Thus, reduction in 1,25(QB), concentra-  urinary cross-linked N-telopeptides (NTx) (Fig. 5) and by
tions and/or actions would lessen the suppressive effecgerum C-terminal telopeptide of type | collagen (ICTP) [48]
causing further increases in PTH secretion and thereby inh women between the ages of 30 to 80. Figure 5 also shows
creases in bone resorption. Vitamin D deficiency and théhat the increase in NTx was accompanied by an age-
resulting secondary hyperparathyroidism not only coulddependent decrease in lumbar spine bone density [49]. Fur-
lead to an increased bone resorption, but could also cause #termore, it has been reported that the urine NTx level in
inhibition of bone formation [39]. women who were >20 years postmenopausal correlated sig-

Two findings raise the possibility that the inhibitory ef- nificantly with serum PTH [50], indicating that the in-

fect of high PTH on bone formation may be mediatedcreased bone resorption in the elderly is associated with the
through the reduction in overall bone growth factor activi-increased PTH. Thus, the vitamin D deficiency and the as-
ties: (1)in vitro studies of human bone cells suggest that thesociated secondary hyperparathyroidism are probably sig-
inhibition of PTH on bone formation could be mediated nificant contributors to senile osteoporosis [50].
through increased production of the inhibitory insulin-like
growth factor (IGF) binding protein, IGFBP-4 [40], which _ o
could lead to an inhibition of the IGF-mediated bone for- Rationale of Vitamin D Replacement Therapy
mation; (2) 1,25(OH)D; deficiency caused a reduction in
TGFB secretion [41], resulting in decreases in bone forma-The most common approach to treating a deficiency is re-
tion rate. Consistent with this possibility, an age-dependenplacement therapy. However, an appropriate replacement
decrease in bone contents of growth factors, i.e., IGFs antherapy should address not only the symptoms but also the
TGFB, was reported in femoral cortical and trabecular boneetiology of the disorder. Because there are three subtypes of
of both men and women [42, 43]. Conversely, 1,25(¢)  vitamin D deficiency, and because each appears to have a
is a potent stimulator of osteoblast differentiation and bonalifferent etiology, an appropriate treatment of each subtype
collagen synthesis (an essential process of bone matrix foof vitamin D deficiency may require a different type of
mation). Hence, insufficient vitamin D activity could also vitamin D for replacement therapy. Accordingly, we will
lead to an inhibition of osteoblast maturation and bone maeonsider the theoretical basis of an appropriate replacement
trix synthesis and thus bone formation. Consequently, théherapy for each subtype of vitamin D deficiency. Because
increase in bone resorption, along with the inhibition ofthe overall consequence of 1,25(QB) deficiency and
bone formation, would result in significant bone loss in 1,25(OH)}D, resistance is essentially identical, i.e., insuffi-
vitamin D deficiency and the age-associated vitamin D de<ient biological actions of 1,25(OK)5, we will consider
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120 70 els, was unable to raise serum 1,25(GBY levels or to
T T . correct the secondary hyperparathyroidism in patients with
100 T 1,25(0OH),D, deficiency [52].
Spinal BMD T T 5
0.80 high levels, could mimic 1,25(OHP; to act on VDR to
exert biological effects [53, 54]. Accordingly, it is theoret-
ically feasible that 1,25(OBD, deficiency/resistance may
30 be treated with high doses of plain vitamin D or 25(OH)D
040 | 20 However, in order to achieve sufficiently high levels of
020 | J_ 1 10 tients are frequently required to be treated with extremely
high doses of plain vitamin D at daily doses of 20,000—
0.00 ‘ ‘ 0 50,000 IU [55]. Therapies with such high doses of vitamin
3&;;’ ‘(‘:’;‘49) ("’:ég*)’ ?;’3';*; 7(°5;;’ D or 25(0OH)D, would undoubtedly put patients at great
risks of vitamin D toxicity [56—58], since chronic use of
Fig. 5. Changes in bone resorption (reflected by urinary NTx toxic levels of vitamin D and elevated serum and urine Ca
level) and lumbar spinal bone mineral density as a function of aggevels, resulting in extraskeletal calcifications and renal
in J?tp;]anese women, t‘)r_hetbracketed nuTrEpefr_s U”dehr the age tePones. Consequently, plain vitamin D therapy is not an
sen € number or subjects per group. IS Tigure snows thal er : FPe
is an age-dependent increase in bone resorption and an ag&pt'mal or safe therapy for 1,25(0kD deficiency/
produced from Taguctet al., 1998, with permission). In light of these theoretical considerations, it is clear that
although plain vitamin D replacement therapy is ideal for
the primary vitamin D deficiency, a successful treatment of
1,25(0OH}D; deficiency/resistance would require therapy
these two subtypes of deficiency as a single form, i.e.With effective doses of 1,25(OH); or an active analog
strong justification for the need of both the plain vitamin D
and the active vitamin D analog therapy for vitamin D-
Primary Vitamin D Deficiency deficient-related osteoporosis, depending on the cause of
the vitamin D deficiency.
Because primary vitamin D deficiency is caused by an in-
seem logical to treat this subtype by replenishing the pre-
cursors with the vitamin D or 25(OH)D supplementation. Unfortunatel ; ; i ;
Lo y, direct comparisons of plain vitamin D
gggr%%?iua(igt%’eﬁggypgg;np;/ilr%aaz?;nvilt)artl?iﬁral})p)(/jevxgiuelgc)k/)eIr?ntherapy and active vitamin D analog therapy in osteoporosis
. . o Y- T _are scarce thus, the comparative efficacy of the two thera-
deed, there is ample evidence that the plain vitamin Dgies has not been adequately assessed. However, a review
primary vitamin D deficiency and reduced hip fracture rate iijized either of these two vitamin D re ;
Vet o . placement therapies
E‘r%lc]jaﬁyvg?é?'ngp(ilgﬁce'ﬁ?a%rﬁFg?%%?sﬁgfo%rﬁﬁcé’égggS('isés in primary osteoporosis should be informative. The ultimate
N *~1goals of osteoporosis therapy are to increase bone mass (or
400-1000 1U) of vitamin B [or 15 pg/day 25(0H)Q] Or = e ice hone loss) and to reduce fracture risks, and the ef-
administration of supraphysiological doses (>1000 IU) Offects of these two vitamin D therapies on bone mass and

However, it has been suggested that 25(Of ¥R very
40
serum 25(OH)DQ to produce desirable clinical effects, pa-

Age (years) plain vitamin D at doses above 2000 IU/day can lead to
dependent decrease in spinal bone density in these women. (R 2sistance.
1,25(0OH),D, deficiency/resistance. such as alfacalcidol. Thus, these considerations provide
sufficient supply of precursors of 1,25(Oj),, it would  \jitamin D Therapies of Osteoporosis
therapy, in combination with Ca, effectively corrected thez 4’ oo mnarison of the results of past clinical studies that
vitamin D, for a short duration. fracture risks are discussed here.

1,25(0H),D; Deficiency/Resistance The Plain Vitamin D Therapy

In contrast to primary vitamin D deficiency, 1,25(0Oj), Table 1 summarizes the results of several prospective and
deficiency is caused by insufficient renal production of retrospective clinical studies in which the plain vitamin D
1,25(0OH}D3, and 1,25(0OH)D; resistance is the result of therapy was used to treat primary osteoporosis utilizing
reduced responses of target tissues to 1,25¢4Dk)From  bone mass or fracture incidence as an end point. Most stud-
theoretical standpoints, the defects associated witlies show that the plain vitamin D therapy reduced bone loss
1,25(0OH)D, deficiency/resistance could not be correctedand decreased the risk of hip and nonvertebral fractures in
by merely increasing the supply of vitamin D or 25(OH)D vitamin D-deficient elderly patients. For instance, in a large
(i.e., plain vitamin D therapy). A successful replacementstudy of 3270 institutionalized elderly women in France,
therapy would have to involve treatment with 1,25(@bY)  3-year daily treatment with plain vitamin D (800 IU plain
(or an active analog, such as alfacalcidol) to raise effectiveritamin D and 1.2 g Ca) significantly reduced hip fracture
concentrations of 1,25(0OKD,. Accordingly, the active vi-  risk by 30% compared with the placebo group [59]. It has
tamin D analog therapy, but not plain vitamin D, would be also been reported that the plain vitamin D therapy (700 1U
appropriate for 1,25(0OHP; deficiency/resistance. In sup- vitamin D and 500 mg Ca per day) for 3 years produced a
port of this contention, it has been shown that 1,25((BH)  significant reduction in incidence of nonvertebral fractures
therapy corrected the metabolic abnormalities associateith a group of 389 elderly American men and women [60].
with 1,25(0OH)D, deficiency [9]. Conversely, the plain vi- Annual intramuscular injection of plain vitamin D in the
tamin D therapy, though it increased serum 25(Okliy-  elderly for up to 5 years also resulted in a significant de-
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Table 1. Reported effects of the plain vitamin D therapy on bone mass and/or fractures in primary osteoporosis

Increase

bone mass
Duration compared Decrease
Average dose No. of of with fracture
(IU/day) subjects Types of patient treatment  control incidence Comments Reference
700 389 >65 yrs (men and 3yrs Yes Yes Decreased bone loss in  [60]
women) femoral neck, spine, and
reduced nonvertebral
fracture incidence
800 3270 Elderly women 3yrs Yes Yes Decreased hip and [59]
nonvertebral fractures
by 23%
150,000-300,000/ 341 >75 yrs (women) Upto5yrs ND Yes Reduction in nonvertebrdll4]
yr (i.m. (especially upperlimb)
injection) fractures
400 2578 >70 yrs (men and 3.5yrs ND No No change in hip or other [63]
women) peripheral fracture
incidence
400 348 >70 yrs (women) 2yrs Yes ND Decreased BMD at the [16]
femoral neck
15,000/week 109 65-74 yrs (women) 2 yrs Yes ND Decreased metacarpal [62]
cortical bone loss
1000 (i.e., 25u9) 77 30-87 yrs old 3yrs No ND Not effective in preventing [64]
(men) age-related bone loss

ND = not determined.

crease in nonvertebral fractures [14]. A daily dose of 400 IU  With respect to the ability of the plain vitamin D therapy
of plain vitamin D also led to a decrease in bone loss fronmto correct the vitamin D deficiency and associated symp-
the lumbar spine compared with the control group, primartoms, most published data have demonstrated that daily oral
ily during the winter months [61]. Several additional studiessupplementation with physiological doses of plain vitamin
also showed beneficial effects with the plain vitamin D D or 25(OH)D; is sufficient to normalize serum 25(OH)D
therapy on aging-associated bone loss and fracture incand increase serum 1,25(0OB), in elderly patients with
dence in elderly subjects [16, 62]. However, plain vitamin D primary vitamin D deficiency (i.e., those with low serum
treatment does not always produce beneficial effects 025(OH)D;). Accordingly, increasing serum 25(OH)2nd
bone mass and fracture risks. In a study of 2578 elderlyi,25(OH)}D5 in response to the plain vitamin D therapy
subjects in the Netherlands, daily treatment with 400 IU ofimproves intestinal Ca absorption, decreases serum PTH,
plain vitamin D without Ca supplements fot/Byears did and reduces bone turnover in the elderly [10, 16, 51, 59,
not reduce hip or peripheral fracture incidence [63]. Simi-69-71]. However, several studies show that in patients who
larly, a 3-year, double-blind, placebo-controlled clinical did not seem to have primary vitamin D deficiency, the
trial in 77 men aged 30-87 years revealed that daily suppleplain vitamin D therapy did not significantly increase serum
mentation of 25.g ((1L000 IU) of plain vitamin Band 1 g  1,25(0OH)}D5 or improve associated metabolic abnormali-
Ca was ineffective in preventing the aging-related bone lossies [52, 64, 72]. Even in those studies that showed positive
[64]. responses in the study population, there was a significant
The reason for the conflicting results may be partly duenumber of subjects who did not respond with an increase
to differences in the dosage [55] and Ca supplementatiofil0]. More importantly, the increase in serum 1,25(GbY)
[51]. However, a more probable explanation may be relatedvas seen only in those whose basal serum 25(QHyas
to differences in the study population [65]. For instance, thdow (i.e., primary vitamin D deficiency) but not in those
French women who showed positive responses [51] hawho had normal or elevated basal serum 25(OHgvels
lower dietary Ca intakes, were more frail, and had lower(i.e., 1,25(OH)D; deficiency/resistance) [10]. Thus, the ef-
serum 25(0OH)D levels than the Dutch, who did not show &ficacy of this therapy to increase serum 1,25(GIb)levels
significant reduction in fracture risks [63]. Accordingly, itis (i.e., to correct vitamin D deficiency) may depend on the
possible that the plain vitamin D therapy may be effectivebasal vitamin D status, and the therapy may be more effec-
only in subgroups of patients such as those who had primariive in primary vitamin D deficiency.
vitamin D deficiency. Consistent with this notion, the
MEDOS study of 1634 women showed that the plain vita-
min D therapy effectively decreased relative hip fractureActive Vitamin D Analog (D-Hormone) Therapy
risks only in subgroups of women who were either older
(>80 years of age) or more frail (with BMI <20 kgAn66].  Two forms of active vitamin D analog therapy are currently
The older and frail women are likely to be less active andavailable: calcitriol [1,25(OH)D] therapy and alfacalcidol
may have less exposure to sunlight, thus are more likely tfla(OH)D;] therapy. An important difference between
develop primary vitamin D deficiency. On the other hand,these two agents is their respective mode of action.
genetic differences may also contribute to the conflictingl,25(OH)}D; is the physiologically active vitamin D me-
results since recent studies suggested that the responsetédolite. Accordingly, upon oral administration, calcitriol is
plain vitamin D therapy may be influenced by the VDR already biologically active and immediately acts on target
genotype [67, 68]. tissues to produce biological effects. Conversely, alfacalci-
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Table 2. Reported effects of the active vitamin D analog therapy on bone mass and/or fractures in primary osteoporosis

Increase
Duration  spinal BMD
of compared Decrease
Average No. of treatment  with fracture
daily dose subjects  Type of patients  (months) control incidence  Comments Reference
0.5ug 1,25D 622 Postmenopausal 36 ND Yes Three-fold reduction in new [73]
0Steoporosis vertebral fractures after
first year
0.8 ng 1,25D 27 Postmenopausal 24 Yes Yes Increased spinal BMD, and [75]
osteoporosis decreased vertebral
fracture rates
0.43pg 1,25D 86 Postmenopausal 24 No No No changes in BMD or new [77]
osteoporosis fractures compared with
control
0.62 g 1,25D 50 Postmenopausal 24 Yes No Increased spinal BMD but [76]
osteoporosis no difference in vertebral
fracture rates
0.5ug 1,25D 76 Postmenopausal 36 No No No significant effects on [78]
osteoporosis long bone BMD or new
vertebral fracture rate
0.5ug 1,25D 40 Postmenopausal 36 ND Yes Reduced vertebral fracture [74]
0steoporosis rate and improved Ca
balance
1 pg laD 666 Postmenopausal 12 ND Yes Reduced vertebral fracture [81]
osteoporosis incidence
1 pg laD 86 Senile osteoporosis  20-26 ND Yes Reduced new vertebral [82]
fracture rates
1 pg laD 80 Postmenopausal 12 Yes Yes Decreased number of new [92]
osteoporosis vertebral fractures
0.75pg 1aD 113 Postmenopausal 24 Yes Yes Increased spinal BMD and [85]
osteoporosis decreased new vertebral
fractures
0.5 g 1laD 31 Postmenopausal 12 Yes ND Prevented trabecular BMD [86]
osteoporosis or loss
osteopenia
dol is a synthetic precursor of 1,25(0f); and is biologi- Table 2 summarizes the results of the major prospective

cally inert. It must be converted to 1,25(0OJB);, predomi-  and retrospective controlled studies on bone mass and frac-
nantly in the liver by the hepatic vitamin D-25-hydroxylase ture rates as end points using the active vitamin D analog
before it can act in target tissues to exert biological effectstherapy in primary osteoporosis. Earlier clinical trials using
Because of this difference, alfacalcidol produces a very difcalcitriol in women with postmenopausal osteoporosis pro-
ferent pharmacokinetic profile from calcitriol: after oral in- duced conflicting results. Aloia et al. [75] showed that cal-
gestion of calcitriol, the peak serum 1,25(QH) level is  citriol treatment reduced bone loss and vertebral fracture
reached within 2 hours whereas oral ingestion of alfacalcitisks in women with postmenopausal osteoporosis by in-
dol causes a slow rise in serum 1,25(QBY) levels with  creasing Ca absorption and reducing bone resorption. Gal-
peak values after 8-18 hours. This is important with respediagher et al. [74, 76] reported that treatment with calcitriol
to their respective risks of side effects. Accordingly, cal-resulted in significant increases in spinal BMD and total
citriol, upon ingestion, acts immediately and directly on thebody Ca, reduction in vertebral fracture incidence, and im-
VDR in the intestinal mucosal cells to promote intestinal Caprovement in Ca balance as compared with the placebo-
absorption, leading to a rapid increase in serum Ca. In corireated control. In contrast, Ott and Chesnut [77] found the
trast, alfacalcidol has only very limited intestinal actions 2-year treatment with lower doses of calcitriol to be inef-
and thus does not produce an immediate stimulation of infective in the treatment of postmenopausal osteoporosis.
testinal Ca absorption. Because of the direct action of calFalch et al. [78] also failed to observe beneficial effects of
citriol on the gut, the magnitude of immediate increase in Caalcitriol on new vertebral fracture incidence. The responses
absorption is relatively larger than that seen with alfacalciin bone mass to calcitriol therapy were also varied. Some
dol therapy. The larger increase in Ca absorption potentiallgtudies reported very large increments (10—-20%) in bone
could pose a greater risk of hypercalcemia, which is a semass. Others have shown only modest increases which sub-
rious side effect. Accordingly, alfacalcidol therapy may besequently declined in magnitude [74-76, 79, 80], and some
a safer therapy than calcitriol therapy. On the other handeven reported no significant increases [77, 78]. However, in
the side effect of hypercalcemia with calcitriol therapy canmost cases, patients treated with calcitriol for 2 years usu-
usually be avoided by limiting Ca intake to <800 mg/day ally showed an average of 1-2% increase in spinal BMD,
[73, 74] and by adjusting the dosage (not more than 0.5vhereas there would be a decrease of 2—-3% in placebo-
prg/day). Nonetheless, because of this potential side effectreated patients over the same period.

patients must be closely monitored for hypercalcemia and The controversy in these early studies may largely be
hypercalciuria with the active analog therapy. related to factors such as the dosage, patient population, and
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criteria used to assess efficacy. For example, demonstration The pathogenesis of postmenopausal osteoporosis is
of a benefit has usually required relatively high doses ofmultifactorial and is primarily mediated by the estrogen
calcitriol [75]; lower doses have shown no benefit [77]. In deficiency developed after menopause. Accordingly, estro-
addition, a significant deficiency of the earlier studies wasgen deficiency increases production of resorptive cytokines,
the small number of patients that were insufficient for awhich stimulate bone resorption, resulting in a net Ca mo-
valid statistical analysis of fracture risks. Consequently, tdbilization from the skeleton. Estrogen has also been shown
appropriately assess the effect of the calcitriol therapy orin vitro to promote apoptosis of osteoclasts through stimu-
fracture incidence, Tilyard et al. [73] performed a largelation of TGH3 production in osteoblasts [93]. In this re-
randomized, prospective, fracture risk study in which 622gard, estrogen deficiency decreases production of @GF
postmenopausal women with osteoporosis were treated witand reduces the T@Fmediated apoptosis of osteoclasts,
either 0.5ug/day calcitriol or Ca for 3 years. A threefold leading to an increased life span of active osteoclasts, which
reduction in the rate of new vertebral fractures was foundesults in a further stimulation in bone resorption. TGE
after 2 years of calcitriol therapy, as compared with the Caalso a potent bone cell growth factor; therefore the de-
group. Similar benefits were noted in the incidence of noncreased production of T@Fin response to estrogen defi-
vertebral fractures, including hip fractures. ciency may also cause a reduction in bone formation. Thus,
The effects of alfacalcidol therapy on vertebral fracturethe combined effects, i.e., stimulation of bone resorption
incidence and spinal bone mass have been much more co@nd inhibition of bone formation, are largely responsible for
sistent and positive (Table 2) in that all reported studieghe bone loss and increased fracture risks in postmenopausal
showed significant decreases in new vertebral fracture inosteoporosis. On the other hand, 1,25(6iH) like TGF3,
cidence in patients treated with alfacalcidol, as compareds shown to promote apoptosis of human cells [94].
with controls. The largest study undertaken with alfacalci-1,25(0OH)}D; treatment may also increase TEproduction
dol thus far was on 666 Japanese patients, in which a dailf#1]. Accordingly, increased serum 1,25(QB), in re-
dose of 1ug was given without Ca supplements for 1 yearsponse to calcitriol (or alfacalcidol) therapy, could act di-
[81]. A twofold reduction in new vertebral fracture inci- rectly on osteoclasts and/or through increased [ @Fo-
dence was observed compared with the placebo-treated coduction to promote apoptosis of osteoclasts. This would
trol (76 versus 41/100 patient-years). Similar reduction ofthen limit the life span of active osteoclasts, resulting in an
vertebral fracture incidence and stabilization of bone mas#hibition of osteoclastic resorption. In addition, increased
have been confirmed in many other clinical trials of post-serum 1,25(0OHD; suppresses PTH secretion, which fur-
menopausal osteoporosis, although the number of subjectser reduces bone resorption. Moreover, the 1,25¢Dkt)
was smaller [82—86]. Although the active analog therapymediated production of TGF[41] may also result in an
clearly benefits for the spine, there have not been any wellincrease in bone formation. Consequently, it may be spec
designed studies to evaluate whether active analog (catlated that this 1,25(OHDs-induced inhibition of osteo-
citriol or alfacalcidol) therapy reduces the risk of hip frac- clastic resorption, along with the T@Fnediated increase
ture, which is a serious complication of osteoporosis. in bone formation, may serve to counteract the bone-
Active vitamin D analog therapy can bypass the feed-wasting effects of estrogen deficiency and, thereby, may be
back regulation that controls renal 1,25(QB) synthesis. responsible for the observed beneficial effects of active vi-
Thus, in all published studies, active analog therapy effectamin D analog therapy on bone mass and fracture risks in
tively increases serum 1,25(QJf), and corrects the vita- postmenopausal osteoporosis. Accordingly, the bone-
min D deficiency and improves the Ca absorption that aresparing action of active vitamin D analogs in postmeno-
often associated with osteoporosis. Accordingly, in eachpausal osteoporosis may be results of its pharmacological
study, therapy with low doses of calcitriol or alfacalcidol actions on bone formation and resorption rather than
rapidly and markedly stimulate Ca absorption, and the rethrough replenishing a deficiency.
sponse is dose dependent [87]. This subsequently leads to
rapid suppression of PTH secretion and a decrease in bone
turnover [87-90]. Additionally, it appears that the active Comparison Between Plain Vitamin D Therapy and Active
analog therapy may correct mild osteomalacia associateditamin D Analog (D-Hormone) Therapy
with aging-associated vitamin D deficiency and may pro-
mote micro-callus formation and bone fracture healing. ThisDirect comparisons between the plain vitamin D therapy
in turn may improve the bone quality, as has been demonand active vitamin D analog therapy under clinical settings
strated in animal models [91]. have been very limited. There has only been one random-
Although most available studies with active analogized, single-blinded, controlled study, which directly com-
therapy, especially alfacalcidol, were performed on patientpared the effect of alfacalcidol and vitamin, Dn Ca ab-
with postmenopausal osteoporosis, two studies showed thaorption, serum PTH, and bone turnover in 46 women with
alfacalcidol therapy is also effective in reducing new ver-postmenopausal osteoporosis. It was found that the 6-month
tebral fracture incidence in patients with senile osteoporosialfacalcidol (0.5.g/day) treatment improved Ca absorption,
[83, 92]. This is not unexpected, since active vitamin Dsuppressed secondary hyperparathyroidism, and reduced
analog therapy effectively corrects the vitamin D deficiencybone turnover. In contrast, daily treatment with 500-1000
and improves metabolic abnormalities, including bone loss|U vitamin D for the same time period had no significant
that are frequently associated with senile osteoporosisffect on any of the measured parameters [45]. These find-
What is surprising, however, is that the active vitamin Dings need to be confirmed and extended to bone mass and
analog therapy, especially alfacalcidol therapy, is effectivdracture risk evaluations.
in preventing spinal bone loss and reducing vertebral frac-
ture risks in postmenopausal women. In this regard, there is
no convincing evidence that bone loss in postmenopausd#lonclusion
osteoporosis is associated with vitamin D deficiency. There-
fore, the beneficial effect of active vitamin D analog therapyThe discovery of vitamin D and its application as a vitamin
on spinal bone loss and on fracture risks may be related tto prevent rickets and osteomalacia has not led to the com-
the effect of this therapy to reduce bone turnover. plete eradication of vitamin D deficiency. Accordingly, el-
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derly folk, particularly those either house bound or living in pletely correct the secondary hyperparathyroidism associ-

northerly latitudes (with limited sunlight exposure) and ated with any type of vitamin D deficiency.

those whose intake of dairy products is minimal, can de- Finally, there is also evidence that active vitamin D ana-

velop vitamin D deficiency. Interestingly, severe vitamin D log therapy appears to have a bone-sparing action in post-

deficiency causes osteomalacia, whereas mild vitamin Dnenopausal osteoporosis. However, these effects are results

deficiency results in osteoporosis. In this regard, we seldon@f pharmacological actions of the active vitamin D metabo-

see elderly patients with severe vitamin D deficiency andite (D-hormone) on bone formation and resorption rather

osteomalacia, even those living in northern latitudes. Inihan through replenishing a deficiency. Nonetheless, these

stead, we see patients who appear to have osteoporosisdfparent bone-sparing effects of active vitamin D analogs

association with vitamin D deficiency, which leads to sec-(i-€., 1,25(0OH)D; and x(OH)D;) in postmenopausal os-

ondary hyperparathyroidism and bone loss. teoporO.SIS p_rOVIde an additional J!.Jstlflcatlon for- the need of
The relatively high prevalence of vitamin D deficiency active vitamin D analog therapy in osteoporosis.

in the elderly has been recognized for more than two de-

cades. The serum 25(OH)Rssay was instrumental in iden-
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