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SOUHRN

Luchavova M., Zikan V.: Cirkadianni rytmus parathormonu a jeho role v kostnim metabolizmu

Cirkadianni rytmus parathormonu (PTH) je dobie dokumentovan u zdravych jedincii. Nicméné role tohoto rytmu v kostnim meta-
bolizmu a faktory ovliviiujici fyziologii rytmu je potieba objasnit. Zakladni rytmus PTH je endogenni a vnéjsi faktory, jako napf. nut-
ri¢ni, endokrinni nebo neuralni vlivy mohou modulovat jeho amplitudu. U Zen s postmenopauzalni osteoporozou byl cirkadianni ryt-
mus PTH oploitény a byly pozorovany dalsi abnormality v sekreci PTH. Obnova endogenniho rytmu PTH pomoci tpravy
hormonalniho prostfedi a/nebo tpravy diety s podavanim vapniku a fosfatii v zavislosti na rytmu PTH, muZe pfiznivé podporovat sti-
mulaci kostni novotvorby. Také kalcilytika, ktera nabizeji novy pfistup k 1é¢bé osteoporozy, mohou pro svoji optimalni u€innost vyza-
dovat podavani v zavislosti na endogennim cirkadiannim rytmu PTH.
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SUMMARY

Luchavova M., Zikan V.: The parathyroid hormone circadian rhythm and its role in bone metabolism

The circadian rhythm of parathyroid hormone (PTH) is well established in healthy subjects; however, its role in bone metabolism and
factors controlling its physiology need to be clarified. The underlying rhythm of PTH is endogenous and external factors such as nu-
tritional, endocrine or neural factors can modulate its amplitude. In postmenopausal osteoporosis, the circadian rhythm of PTH is
blunted and abnormalities in the PTH secretion pattern are observed. Restoration of endogenous PTH rhythm by modifying the hor-
monal environment or nutritional manipulation using timed calcium and phosphate loads may be important for stimulation of bone
formation. Also calcilytics, which offer a novel approach to the treatment of osteoporosis, may require timed dosage respecting the en-
dogenous circadian rhythm of PTH for their optimal use.
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Introduction

Parathyroid hormone (PTH) is main polypeptide hormone
that regulates plasma calcium and phosphate homeostasis
and bone remodeling. The parathyroid gland secretes PTH
in response to very small decrements in blood ionized cal-
cium in order to maintain the normocalcaemic state. The
plasma membrane of parathyroid cells contains high levels
of the calcium sensing receptor (CaR), which plays a cent-
ral role in the control of PTH secretion. In healthy individu-
als, PTH is secreted in a tonic pattern of constant secretion
and in pulses which recur every 8.5 min (range, 5-12 min)
[Fig. 1]. In addition to pulsatile secretion, circadian variati-
on in PTH secretion was demonstrated as early as the 1970s
[2]. Most recent studies measuring intact PTH 1-84 have
confirmed biphasic rhythm with a small but significant in-
crease between 04:00 p.m. and 07.00 p.m. and a larger bro-
ader increase in PTH between 02:00 a.m. and 06:00 a.m.
and a nadir occurring at approximately 10:00-11:00 a.m.
[Fig. 2]. Although PTH rhythm is in synchrony with serum

calcium, phosphate and bone turnover markers [4]; the phy-
siology of the rhythm is not fully understood. It has been de-
monstrated that a large component of PTH rhythm is endo-
genous [3] and the amplitude of the rhythm is controlled by
various exogenous factors, such as dietary factors [5,6,7]
and endocrine, neuroendocrine or neural factors [8,9,10].
PTH increases in advancing age; however, most studies as-
sessing PTH in relation to bone metabolism evaluated PTH
only in the morning blood collection. The blunting of the
nocturnal peak of PTH levels has been observed in women
with postmenopausal osteoporosis [11,12] and abnormaliti-
es in endogenous PTH rhythm were documented in some
endocrine diseases such as primary or secondary hyperpa-
rathyroidism, acromegaly and adult growth hormone defi-
ciency [13]. Once-daily PTH injections are superior to
constant long-term (24 h) infusion in stimulating bone for-
mation. Therefore, there is a possibility that restoration of
endogenous PTH rhythm by modifying the hormonal envi-
ronment and/or nutritional factors may have an importance
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for stimulation of bone formation. This review summarizes
the known abnormalities of the PTH circadian rhythm and
analyzes possible factors that regulate its circadian variabi-
lity.

Effects of parathyroid hormone on bone remodeling
In addition to regulation of calcium homeostasis, PTH is
also main hormone controlling bone remodeling [14].
Exogenous administration of PTH increases the rate of bo-
ne remodeling, but it can result in either loss or gain of bo-
ne mass depending on the balance between formation and
resorption. It is well known, that pulsatility in hormone
secretion can modulate target organ responsiveness.
Continuously elevated concentration of PTH results in
a loss of responsiveness (desensitization) of bone cells to
PTH action and intermittent administration of PTH could
allow resensitization of the PTH receptors. Administration
of PTH intermittently produces a marked anabolic response
of the skeleton. The exposure to PTH is within 2-3 hours af-
ter PTH 1-34 administration. In contrast, PTH given by
continuous infusion at doses that were anabolic when given
once by daily injection induced high bone resorption and
hypercalcaemia. In patients with primary hyperparathyroi-
dism continuously elevated PTH is associated with hyper-
calcaemia and bone loss, especially in cortical bone.

Figure 1
Ultradian rhythm of PTH. Minute- to-minute PTH
concentration time profile in one subject.
Adapted according to Schmitt CP et al. [1].
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Figure 2
Circadian rhythm of PTH. Estimated population
mean rhythm curve for plasma PTH. Adapted according
to El-Hajj Fuleihan G. et al. [3].
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At the cellular level PTH can activate the bone remode-
ling cycle by increasing receptor activator of nuclear factor
B ligand (RANKL) from osteoblasts. RANKL increases os-
teoclast activity and osteoclastogenesis. OPG act as a decoy
receptor for RANKL and prevents osteoclastogenesis and
bone resorption by inhibiting RANKL-RANK interaction. It
has been shown that subcutaneous administration of human
PTH (1-38) in rats induce a transient decrease in OPG
mRNA in bone. On the contrary, the continuous administra-
tion of human PTH (1-38) is associated with long-term in-
hibition of OPG secretion and lasting stimulation of RAN-
KL production [15]. More recently, OPG has been shown to
demonstrate a circadian rhythm in healthy subjects with
a daytime increase and nocturnal decrease [4]. OPG secreti-
on was inversely related to PTH and bone resorption marker
(beta CTX) over a 24 h period. Interestingly, in postmeno-
pausal women, the temporal relationship between PTH and
OPG was altered and significantly greater nocturnal decline
in serum OPG was observed when compared with healthy
premenopausal women or elderly men [4]. Authors sugges-
ted that higher nocturnal increase in bone resorptive activi-
ty in postmenopausal women is related to greater decrease
of OPG concentration. Circadian changes in serum OPG in
subjects with osteoporosis have not been published.

Factors controlling the circadian variability of PTH

Nutritional factors

Acute fasting abolished the PTH circadian variability [7]
as well as circadian rhythm of bone resorption marker [16].
In humans, studies measuring biochemical markers of bone
resorption and PTH showed that evening calcium (Ca) supp-
lementation (1000 mg at 23 h for 14 days) blunted the noc-
turnal increase in PTH as well as nocturnal increase in bo-
ne resorption marker (urine deoxypyridinoline and NTX).
In contrast, morning Ca supplementation had no significant
effect on overall daily excretion of bone resorption marker
[5]. These data showed that timing of Ca ingestion may be
important to influence PTH rhythm and its effects on bone
resorption. Bed-time calcium load can be useful to decrea-
se nocturnal calcium wasting. But these results do not mean
that each pattern of nocturnal increase in PTH is deleterious
for the bone, because the nocturnal PTH peak seems to be
useful to decline night-time urinary calcium excretion and
inefficient renal calcium conservation at night may contri-
bute to the osteoporotic process. Fraser et al. showed that
the circadian rhythms for serum phosphate and PTH are ve-
ry similar to the acrophase for serum phosphate which pre-
cedes that for PTH [7]. Postmenopausal osteoporotic wo-
men showed a blunting of their nocturnal serum phosphate
and PTH increases. However, the cause of the blunted
phosphate and PTH response to nocturnal fasting is unk-
nown. It has been hypothesized that the administration of
phosphate load at night-time to stimulate PTH increase and
calcium given in the morning may restore the endogenous
PTH circadian rhythm [13]. However, no long-term study
proving this approach has been published yet. Silverberg et
al. studied oral phosphate administration for 5 days in healt-
hy postmenopausal women and in osteoporotic women and
young healthy individuals [17]. In osteoporotic women, the
age-appropriate rise in PTH was not observed when compa-
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red to healthy postmenopausal women and 1,25 (OH), D;
production decreased. The cause of this blunted PTH res-
ponse after oral phosphate administration in osteoporotic
women is unknown. The results support the hypothesis of
abnormal PTH responsiveness in osteoporosis [18]. On the
other hand, there is a possibility of suppression of parathyro-
id gland activity due to a non-parathyroid mechanism [18].

Endocrine factors

The abnormalities in the PTH circadian rhythm or its pul-
satile secretion abnormalities in endocrinopathies are revie-
wed in Table 1.

Hyperparathyroidism

The alteration in PTH variability is caused by changes in
hormone secretion and in hormone synthesis. The rhythm is
altered in atrophic or hypertrophic gland. Changes in secre-
tion, e.g. ectopic secretion, cause changes in frequency, shift
in secretion peak, lost of the rhythmicity. Patients with pri-
mary hyperparathyroidism lose the circadian rhythm for
PTH, which is restored after adenoma removal [19]. In ad-
dition, the lost of circadian rhythm of PTH was documented
in patients with pseudohypoparathyroidism [20]. Secondary
hyperparathyroidism is characterized by proportional incre-
ases in both the pulsatile and tonic secretion components
and glomerular filtration rate dependent decrease of meta-
bolic hormone clearance, which accounts for a two- to thre-

efold increase of mean plasma PTH [21]. Age-related incre-
ases in serum PTH concentrations, which are observed both
in men and in women, may contribute to the increase of bo-
ne resorption [22] and cortical bone loss. It is assumed that
vitamin D deficiency, impaired renal lo. hydroxylase acti-
vity and low calcium absorption may contribute to the se-
condary hyperparathyroidism of aging. Ledger et al. showed
that elderly women had an exaggerated response to EDTA
induced hypocalcaemia and also had a higher non- suppres-
sible component of PTH secretion [23]. Interestingly, these
abnormalities disappeared after 1 week of 1.25-dihydroxy-
vitamin D; therapy. Changes in PTH circadian rhythm or its
pulsatile secretion has not been studied in vitamin D defici-
ency.

Sex hormone deficiency

Estrogen deficiency in menopause is a major cause of os-
teoporosis in women. Estrogen acts to maintain the appro-
priate ratio between bone-forming osteoblasts and bone-re-
sorbing osteoclasts. In addition, estrogen improves calcium
balance through effects on intestinal and renal calcium
handling. It has been postulated that estrogen deficiency
along with vitamin D deficiency, impaired renal 1o. hydro-
xylase activity and low calcium intake may contribute to the
secondary hyperparathyroidism in elderly. No age-related
increases in serum PTH was observed in postmenopausal
women who had been on long-term estrogen therapy [24].

Table 1
Changes in PTH circadian rhythm or its secretory dynamics and skeletal sensitivity to the effects of PTH in endocrine
abnormalities

Hormone Bone sensitivity to PTH

PTH secretory dynamics PTH circadian rhythm

Growth hormone/IGF-1 Decreased in deficiency [34]

Increased in excess [33]

Altered in excess [32] Altered in deficiency [34]

Altered in excess [33]

Estradiol Increased in deficiency [25] E2 — reduces pulsatility [46] Altered in women
with postmenopausal
osteoporosis [12,11]
Testosterone Increased in deficiency [25] Not tested Not tested
Cortisol Decreased in excess [36] Increases pulsatility [35] Not tested
Trijodthyronine Decreased in deficiency [42] Not tested Not tested
Lower PTH in excess,
higher in deficiency [42]
Prolactin Not tested Not tested Not tested
Higher PTH in excess [48]
1,25(0OH),D; Decreased in deficiency Not tested; Not tested

Altered response
to acute changes
in serum calcium
in deficiency [23]

PTH Not tested

Altered in PHPT [28] Lost in PHPT [19]

Calcitonin Increased in deficiency (*)

Not tested Not tested

Abbreviations: *in animal models [48], not tested in human; PTH: parathyroid hormone; PHPT: primary hyperparathyroidism;

E2: estradiole; IGF-1: insulin-like growth factor
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Both estrogen and testosterone deficiency have been shown
to increase skeletal sensitivity to PTH [25]. Ledger et al.
showed that in elderly women suppression of PTH secretion
(by 24 h calcium infusion) resulted in a greater decrease in
bone resorption markers than that found in young premeno-
pausal women [22]. By contrast, bone resorption decreased
to a greater extent in the younger men (age 40-50 years) as
compared to the elderly men (age 70-78 years) [26].
Authors indicated that elderly men have only partial sex ste-
roid deficiency and therefore, in contrast to elderly postme-
nopausal women, appear to be relatively protected against
the bone resorbing effects of the age-related increase in se-
rum PTH. The circadian rhythm of serum intact PTH diffe-
red between the sexes, with an earlier and greater increase at
night in men [27]. In postmenopausal osteoporotic women,
the further blunting of nocturnal increase in PTH levels was
observed [11,12]. In fact, in postmenopausal osteoporotic
women PTH levels decreased during the period between
10:00 p.m. and 7:00 a.m. [12]. It has been reported that the
blunting of nocturnal PTH peak resulting in the inefficient
renal calcium conservation during the night could contribu-
te to the bone loss [11]. Whether sex steroid replacement
can restore the circadian rhythm of PTH in osteoporotic
men and women has not been investigated. In another study,
Harms et al. reported that estrogen replacement therapy de-
creases PTH pulsatility in postmenopausal women [46].

GH-IGF-1 axis

Growth hormone (GH) production peaks during the first
two hours of sleep. The production drops by sleep depriva-
tion. GH is known to play an important role in bone meta-
bolism. There is an evidence, that GH may have a regulato-
ry role in PTH secretion and full anabolic effect of PTH on
bone may require the action of GH/ insulin like growth fac-
tor — 1 (IGF-1) system [29,30]. Acromegaly is associated
with skeletal changes characterized by appositional bone
growth, increased bone dimensions and increased bone tur-
nover [31]. A correlation between PTH concentration and
bone turnover markers in active and treated acromegaly has
led to the suggestion that the effect of GH/IGF-1 system on
bone turnover may be mediated by PTH. Active acromega-
ly enhances spontaneous PTH pulsatility by increasing the
PTH puls half-duration and increasing the PTH puls mass
[32]. Biochemical cure of acromegaly resulted in increased
levels of PTH and decreased levels of nephrogenous cAMP
(a marker of PTH renal activity), serum calcium and bone
turnover markers concentrations [33]. These results suggest
reduced PTH target-organ sensitivity. Adult growth hormo-
ne deficiency (AGHD) is associated with bone insensitivity
to PTH and abnormal PTH circadian rhythm. Typical is the
reduction of bone turnover and increased prevalence of os-
teoporosis. GH replacement therapy restores bone sensitivi-
ty to PTH and enhances PTH circadian rhythm with subse-
quent changes in bone turnover, Ca, and PO, metabolism
resulting in BMD increase in AGHD patients [34]. Recently,
Joseph et al. showed that decrease in GH/IGF-1 with aging
may contribute to the PTH rhythm abnormalities and to the
decreased effects of PTH on bone and renal cells in post-
menopausal women with osteoporosis [8]. Moreover, the
study of Joseph et al. showed that GH treatment decreased

PTH circulating levels, restored the circadian rhythm of
PTH and resulted in increased sensitivity to the effects of
PTH with the increases in bone remodeling markers as well
as urinary cAMP excretion [8]. However, whether changes
in PTH rhythm are causative or create a response to the pa-
thology needs to be investigated.

Hypercortisolism

The central mechanism of bone loss in glucocorticoid
induced osteoporosis is reduced bone formation, due to
actions that affect cells of the osteoblastic lineage.
Glucocorticoids (GCs) have also indirect actions on bone.
The hypothalamic-pituitary — gonadal axis and growth hor-
mone — IGF-1 axis are decreased by GCs. Moreover, GCs
may affect spontaneous PTH secretory dynamic, with a re-
ducing the tonic release of PTH and an increase in its pul-
satile secretion [35]. The abnormalities in PTH secretory
dynamic may reflect either direct or indirect effects of GCs
on the parathyroid glands or effects at the level of bone cells
activity. The exogenous intermittent PTH treatment in pati-
ents treated with low dose GCs treatment resulted in a par-
tial inhibition of the PTH-induced increase in bone formati-
on [36]. The decrease in bone responsiveness to PTH may
be partially explained by the alteration of GH-IGF-1 axis by
GCs. Indeed, GH administration can reverse some of the ne-
gative effects of chronic GCs treatment on the bone meta-
bolism [37]. In addition, abnormalities in endogenous GH
secretion may change PTH rhythm [38]. It has been hypo-
thesized that secretory dynamics of PTH could reflect ef-
fects at the level of bone metabolism with signals generated
from bone to the parathyroid [35]. Signals generated from
bone to parathyroids are not well known. Recently, FGF-23
which is synthesized in osteocytes was able to suppress
PTH secretion and PTH gene expression in rats [19]. More
recently, Samadfam et al. showed that osteoblastic bone for-
mation is a potent modulator of FGF-23 production and re-
lease into the circulation [40]. As GCs have pro-apoptotic
effects on osteoblasts and osteocytes, it is tempting to spe-
culate that GCs could change FGF-23 production and ab-
normalities in FGF-23 secretion can influence the PTH se-
cretory dynamic; however, further investigation is necessary
to test this hypothesis.

TSH-thyroid hormone axis

Thyroid hormone increases bone remodeling, both oste-
oblast and osteoclasts activity are increased, by elevated le-
vels of thyroid hormone. The osteoporosis associated with
hyperthyroidism is traditionally viewed as secondary conse-
quence of altered thyroid function. However, there is the
evidence, that TSH has direct effect via the TSH receptor
found on osteoblast and osteoclast precursors and low levels
of TSH causes decrease of BMD. A mild hypercalcaemia
with lowered PTH secretion was observed in hyperthyroi-
dism [41]. In addition the circadian rhythm of bone resorp-
tion markers has been lost in some patients with thyrotoxi-
cosis [13]. In contrast, primary hypothyreosis results in
decrease in bone remodeling. Bone sensitivity to hypocal-
cemia is lowered and basal PTH secretion is increased [42].
The changes in pulsatile or circadian PTH variability have
not been studied in patients with hypothyreosis.
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Neuroendocrine and neural regulation

Although dietary and endocrine factors are most relevant
candidates for the regulation of PTH rhythm, neural and/or
neurohumoral regulation cannot be dismissed. In this regard
the relationship between prolactin and PTH secretion has
been studied. Prolactin secretion provides a significant cir-
cadian variability and prolactin can directly stimulate PTH
secretion in vitro [43]. Logue et al. found a strong correlati-
on between endogenous PTH secretion and prolactin levels,
with changes in PTH preceding prolactin peak by 2 hours
[19]. However, this relationship was abolished by an acute
sleep shift [9]. No other clinical studies, such as the PTH va-
riability in patients with prolactinomas have been conduc-
ted.

Schmitt et al. showed that sympathetic nervous system
has a modulating effect on pulsatile PTH secretion as selec-
tive —1 adrenergic blockade acutely increased plasma PTH
by augmenting the mass of hormone secreted per burst, but
it did not alter the rhythmicity of pulsatile PTH release [44].
In uremic patients after total parathyroidectomy and hetero-
topic auto transplantation of parathyroid tissue, oscillatory
PTH secretion is transiently lost but recovers within months,
compatible with functional re-innervations of the auto trans-
planted tissue [40]. Therefore, there is a possibility that
neural regulation can play a role in the regulation of PTH
secretory pattern. It has been shown that sympathetic stimu-
lation provides a circadian rhythmicity to bone mass by in-
teracting with the clock genes Per and Cry in osteoblast
[45]; however whether neural regulation also regulates the
clock genes in parathyroids needs to be clarified.

Conclusion

The circadian rhythm of PTH in healthy human subjects
is clearly established; however, factors controlling the phy-
siology of the rhythm and its effects on bone metabolism
need to be investigated. Alterations in endogenous PTH cir-
cadian rhythm and its secretory dynamics have been obser-
ved in women with postmenopausal osteoporosis and in pa-
tients with some endocrine abnormalities. Hormones may
influence the bone sensitivity to the effects of PTH and/or
PTH secretory pattern. The blunting of the circadian rhythm
of PTH may results in a loss of responsiveness (desensitiza-
tion) of bone cells to PTH and that this, in turn, results in
stimulation of bone resorption and cortical bone loss.
However, whether changes in PTH rhythm are causative or
create a response to the pathology needs to be clarified.
Intermittent PTH administration is a powerful osteoanabo-
lic therapy. In contrast continuous PTH administration or
endogenous PTH excess results in a bone loss. Therefore,
there is a possibility that also endogenous PTH circadian
variability or its pulsatile secretory pattern might be impor-
tant for stimulation of bone formation. Restoration of bone
sensitivity to the effects of PTH by modifying the hormonal
environment and/or nutritional manipulation by using timed
calcium and phosphate loads may be another approach to
the treatment of osteoporosis. Calcilytic compounds, new
pharmacological agents, offers a novel approach to the tre-
atment of osteoporosis and their optimal use may require ti-
med dosing respecting the endogenous circadian rhythm of
PTH.
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