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Summary

Introduction

Total body bone mineral density (BMD) is relatively underutilised as an assessment tool
for osteoporosis. Studies to date on Body composition have not clearly identified key
factors which contribute to total body BMD, muscle mass and fat mass in osteoporotic
patients. In addition, the effect of certain treatments for osteoporosis i.e., recombinant
Parathyroid hormone (PTH) on these total body parameters remains under investigated.
Furthermore clinical factors and assessment tools that determine optimal response to PTH
have to be clarified. Lastly role of Quantitative heel ultrasound (QUS) in severely

osteoporotic patients attending bone health clinic (BHC) remains to be evaluated.

Aims
This study aimed to
¢ Elucidate the role of total body composition in elderly osteoporotic population and
to determine whether rPTH can potentially change the various total body DXA
parameters such as muscle and fat after one year of treatment.
e Identify factors for no response to rPTH treatment.
e Role for Quantitative heel Ultrasound (QUS) as assessment in a severely

osteoporotic population.

Methods

A total of 128 patients were recruited from Bone Health Clinic in St James’s hospital who
were elderly and osteoporotic and about to commence rPTH. This cohort was at first
cross-sectionally examined with multiple laboratory and clinical assessments (including
total body composition, biochemical markers and past history). A further subgroup of 60
patients had additional baseline QUS assessment performed and this was evaluated in
relation to standard DXA and bone markers. Subsequently, 51 patients were followed
longitudinally for one year whilst on regular rPTH, with total body DXA repeated at 1
year. This subgroup was finally divided into two groups i.e. responders versus non
responders. The differences of various parameters between these two groups were then

observed as determinants of no response to rPTH.
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Results

The results of our study showed that both muscle and fat mass were independently
predictive of BMD, while age was negatively associated with muscle mass and BMD on
baseline total body DXA.

Exogenous PTH did not negatively affect the muscle and fat composition of the cohort
after one year of treatment.

Pattern of biochemical bone marker response rate to rPTH could not distinguish between
responders as shown on DXA over non responders.

Only 24 hour urinary calcium at 6 month could significantly separate responders from
non responders.

Anabolic bone effects of rPTH remained unaffected by the past medical, fracture and
drug history.

At baseline, bone turnover markers correlated only with QUS when these were markedly

raised. Colles fracture significantly negatively correlated with QUS scores.

Conclusion

Total body DXA provides a reasonable estimate of body composition in people of
different weights ranging from low body weight to obesity. It could therefore become a
non-invasive method for assessment of muscle and fat in conjunction with assessment of
osteoporosis in patients at high risk of fracture.

Fortunately, in contrast to elevated endogenous PTH exogenous rPTH is not detrimental
to the body muscle and bone composition.

The response to rPTH is unaffected by prior medication use and existing clinical co
morbidities.

Monitoring 24 hour urinary calcium excretion could distinguish the patients who are
likely to respond to treatment with rPTH.

QUS can identify the patients with Colles fracture in severely osteoporotic population and
it correlates well to bone turnover. Thus, it could be effectively used as a tool for aged
based screening in osteoporosis with a high non-vertebral fracture risk in clinical settings

where standard DXA is not available.
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CHAPTER 1

Review of Parathyroid hormone, its physiology and therapeutic

use in Osteoporosis: Section I

History, Physiology and mechanism of action of Parathyroid hormone
1.1 Historical Review

The early identification of Parathyroid hormone (PTH) goes back to the evolutionary
history in amphibians with the transition from an aquatic to a terrestrial existence, where
it was primarily responsible to uphold an ample concentration of extracellular calcium in
body (Potts, kronenberg et al. 2006, Potts 2013).

The role of the parathyroid gland in calcium metabolism was first identified in 1909
establishing that the tetany in animals post parathyroidectomy was associated with low
blood calcium and this tetany could be cured by the administration of calcium
(Maccallum and Voegtlin 1909). Literature review reveals that the physiological role and
pathophysiological significance of PTH was later made possible by the observations and
techniques of Collip, who prepared the first biologically active extracts of the parathyroid
gland and developed a suitable assay for PTH (Collip 1925). This allowed further study

of its role in calcium metabolism.
1.2 Anatomy of the parathyroid gland

The parathyroid glands are four small brownish red, beanlike bodies and these are located
near the posterior aspect of the thyroid gland. The parathyroid glands develop from the
third and fourth branchial pouches. Due to their embryonic origin, the inferior glands may
be found at any point along the path of the thymus from the angle of the jaw to the

anterior mediastinum. In humans, these usually weigh about 118+48 mg in males and



131£45 mg in females (Gilmour and Martin 2005). The parathyroid glands have a
distinct, encapsulated, smooth surface that differs from the thyroid gland. The colour of
the parathyroid glands relates to their fat content, vascularity, and percentage of oxyphil

cells within the glands (Harach 2010).

Histologically, the glands comprise of two types of cells: the chief cells which secrete
PTH (secretory granules) and the oxyphil cells which are not present before puberty,

show abundant pink cytoplasm (mitochondria) and whose function is unknown.

1.3 Biosynthesis and Structure of PTH

PTH is synthesized as a 115- amino acid polypeptide called pre-pro-PTH, secreted by the
chief cells of the parathyroid glands. The pre-pro PTH is the primary transcriptional
product of PTH mRNA. When its synthesis on the ribosome is complete, it is transported
across the membrane of the endoplasmic reticulum with concomitant cleavage at the N-
terminal portion first to pro-PTH (90 amino acids) and then to mature PTH (84 amino
acids). The latter is the major storage, secreted, and biologically active form of the
hormone (Murray, Rao et al. 2005). After synthesis PTH is stored in the chief cells, it

may then be secreted or degraded intracellularly.

1.4 Regulation and Synthesis of PTH

Calcium

Calcium regulates both the release and the synthesis and degradation of PTH, in all its
molecular forms. PTH 1-84 is secreted by exocytosis within seconds after induction of

hypocalcaemia (D’ Amour, Rékel et al. 2006) .

Calcium has long been reported to regulate PTH gene expression in vivo (Naveh-Many,
Friedlaender et al. 1989). It has been demonstrated that small decreases in serum calcium
from 2.6 to 2.1 mmol/l in rats led to large increases in parathyroid hormone messenger
ribonucleic acid (PTH mRNA), reaching 3-5 fold that of control rats. In addition, these

changes were rapid, occurring within 1 hour of the decrease in serum calcium and

2



persisted for 6 hours. High serum calcium had no effect on mRNA, even at concentrations
as high as 6.0 mmol/l. Thus physiologically the parathyroid gland responds more

promptly to falls in serum calcium, but not to increases in serum calcium.

1, 25(OH) 2D3

1,25(0OH)2D3, by binding to the vitamin D receptor, inhibits PTH gene expression and
therefore PTH synthesis. 1,25(OH)2D3also inhibits parathyroid-cell proliferation.
Parathyroid cells have stereo specific, high affinity receptors for 1,25(OH)2D3. These
receptors are similar to those found in classic target tissues for 1,25(OH)2D3, for
example, in bone or intestine. Moreover after intravenous administration of radioactively
labelled 1, 1,25(0OH)2D3 to chicks, Stumpf (1980 ) note a marked accumulation of this
labelled vitamin in the parathyroid nuclei. This data suggested that the parathyroid gland
was a target organ for 1, 1,25(OH)2D3.

The effect of 1, 25(0OH)2D3 on bovine parathyroid cells was studied by Silver in vitro
(Silver, Russell et al. 1985). This study demonstrated a decrease in PTH mRNA levels to
50% of control values within 48-96 hours of administration. This effect was evident with
extremely low concentrations. Furthermore this suppression of PTH secretion by

1,25(0OH)2D3 was shown to be dose dependent.

Subsequently, it has been reported that 1, 25(OH)2D3 can directly affect synthesis and
secretion of parathyroid hormone by inhibiting PTH gene transcription and synthesis of
pre-pro parathyroid hormone messenger RNA (Justin Sllver 1986).

Studies have demonstrated that when the stimuli of hypocalcaemia and 1,25(0OH)2D3
were given simultaneously to rats a decrease in PTH mRNA was noted, suggesting that
the effect of 1,25(OH)2D3is dominant over the effect of hypocalcaemia (Naveh-Many,
Friedlaender et al. 1989). In another study of human parathyroid adenoma cells ,despite a
normal concentration of 1,25(OH)2D3 receptors, there was no reduction in PTH mRNA
or PTH secretion following addition of 1,25(0OH)2D3 (Karmali, Farrow et al. 1989).



1,25(OH)2D3 may regulate the PTH gene at the level of the 1,25(OH)2D3receptor. The
concentration of this receptor in the target tissues would allow modulation of the
1,25(OH)2D3 effect. An increased receptor count would amplify the 1,25(OH)2D3 effect,

while a reduction in the number of receptors would reduce its effect.

Naveh-Many studied rats with experimental uraemia and showed that there was an
increase in parathyroid cell proliferation compared with control rats. A high-Phosphate
diet increased while a low-Phosphate diet dramatically decreased the number of

proliferating Parathyroid cells (T Naveh-Many 1995).

Similar results were found by Yi et al. They showed that rats with experimental uraemia
had an increase in serum PTH, PTH mRNA, and Parathyroid cell proliferation, all of
which were prevented by mild dietary phosphorus restriction (Y1, Fukagawa et al. 1995).

1, 25(OH) 2D3 may have a role in regulating PTH cell proliferation in chronic renal
failure in addition to its role in decreasing PTH gene transcription. J.silver and Naveh-
Maney summarise that small decreases in serum Ca and more prolonged increases in
serum phosphate stimulate the parathyroid to secrete parathyroid hormone while
1,25(0OH)2D3 decreases PTH synthesis and secretion. A prolonged decrease in serum
Ca2 and 1,25(OH)2D3, or an increase in serum Phosphate, such as in patients with
chronic renal failure, leads to the appropriate secondary increase in serum PTH.(Silver,

Kilav et al. 2002)

Recently, a study was performed in Spain comparing the normal rats to the uremic rats.
Factors such as low serum calcium or high serum phosphate significantly induced
parathyroid hyperplasia without the presence of uraemia. These findings emphasize the
importance of normal serum Phosphate and Calcium in the prevention of Parathyroid cell

hyperplasia (Canalejo, Canalejo et al. 2010).

Thus, Parathyroid cell proliferation is the final site of regulation and this occurs after the
stimulus of prolonged hypocalcaemia, hyperphosphatemia and hypovitaminosis D.

Nonetheless, reviews of epidemiological studies have also indicated the importance of



carefully controlling plasma phosphate, normalising and avoiding increases of plasma Ca

2+, and not to over suppress PTH during treatment (Brandi 2008).

1.5 Secretion of PTH

The normal reference range of PTH concentrations is 0.5-5.0 pmol™ in young adults

(Hodsman and Steer 1993). The Dynamics of PTH secretion are summed up below:

Calcium

The role of calcium in PTH regulation is not limited to the release of PTH but also
involved in synthesis and degradation. PTH secretion is increased in response to low
calcium and decreased in response to high calcium.

PTH response to hypocalcaemia has been categorized as follows:

o Seconds to minutes — exocytosis of PTH from chief cells into the
extracellular fluid.

o Minutes to one hour — reduction in the intracellular degradation of PTH.

o Hours to days — increase in PTH gene expression as a result of stabilization
of PTH mRNA (also stimulated by low serum calcitriol concentrations, due to
increased transcription of the PTH gene).

o Days to weeks — proliferation of parathyroid cells (also stimulated by low

serum calcitriol concentrations).

Parathyroid hormone secretion under normal circumstances is only slightly higher than
the maximally suppressed levels, which allows the gland to respond to hypocalcaemia

with a marked increase in PTH secretory rate.

Calcium does not acutely alter the rate of synthesis of proPTH or its conversion to PTH,
but affects hormone production by enhancing intracellular degradation of PTH within the
parathyroid cell. Acute experiments (4-7h) on the effects of high extracellular calcium in
bovine parathyroid cells revealed changes in PTH secretion with no detectable change in

mRNA concentrations (Brookman, Farrow et al. 1986).



Experiments with longer incubation periods (16-24h) resulted in a decrease in mRNA in
addition to a fall in secretion of PTH (J Russell 1983). Studies of human parathyroid
adenomata in culture also confirmed this suppression of mRNA in response to high
calcium although this was not accompanied by a fall in PTH secretion(Farrow, Karmali et

al. 1988).

A two stage control of PTH synthesis has been proposed on the basis of these studies.
Long term regulation would involve changes in mRNA concentrations within the cell,
while acute control could involve alterations in post transcriptional events (Farrow,

Karmali et al. 1988).

Both in vivo and in vitro studies of PTH secretion have demonstrated that there is an

inverse sigmoidal relationship between calcium and parathyroid hormone secretion.

In studies, (Brown 1983, Haden, Brown et al. 2000) the set point of the calcium-PTH
curve has been illustrated as a key controller of the serum ionized calcium concentration
in vivo. In normal subjects, a decrease in serum ionized calcium of as little as 0.1 mg/dL
(0.025mmol/L) results in a large increase in serum PTH concentration within minutes;

conversely, a rise in calcium can rapidly suppress PTH within 2 to 3 minutes.

Prior to this, in 1982 the same researchers demonstrated an abnormal regulation of serum
calcium in patients with secondary hyperparathyroidism due to chronic renal failure.
Furthermore, in vitro parathyroid samples showed a shift in the set point to the right and a

relative insensitivity to calcium.

The Calcium-Sensing Receptor CaSR

The CaSR is a member of subfamily C of G protein-coupled receptors (GPCRs). The
calcium-sensing receptor (CaSR) represents the molecular mechanism by which
parathyroid cells detect changes in serum ionized calcium concentration and regulate
parathyroid hormone (PTH) secretion to maintain serum calcium levels within a narrow

physiological range.



Evidence for the presence of a calcium receptor on the parathyroid cell surface first
emerged from studies in 1983 which demonstrated that a number of divalent and trivalent
cations depolarise the cell membrane and act to inhibit PTH secretion in cell culture (Jose

Lopez-Barneo 1983).

Subsequent reviews have illustrated the recent developments in CaSR role. In addition to
systemic mineral ion homeostasis, CaSR also contributes towards the regulation of
hormonal secretion and the activities of various ion channels to the longer term control of
gene expression, programmed cell death (apoptosis), and cellular proliferation(Brown and

MacLeod 2001).

Subsequently, researchers have summarized the integral involvement of CaSR in each of
three key components of parathyroid gland function i.e., hormone secretion, hormone
synthesis, and cell proliferation. Research has linked CaSR’s activation to a broad array
of intracellular signalling cascades that mediate diverse physiological responses in
parathyroid tissue(Chen and Goodman 2004). Most recently, CaSR has been shown to
mediate the effects of dietary calcium on bone turnover and regulate parathyroid hormone

(PTH)-induced bone turnover (Shu, Ji et al. 2011).

However, it is important to note that there are at least two major mechanisms that control
the secretion of PTH. It is thought that alterations in extra cellular concentration are
recognised by a plasma membrane receptor which then activates either the adenylate
cyclase or inositol phosphate pathways through different guanine nucleotide-regulatory-

proteins.

In situations of high extracellular calcium, Phosphoinositide C is activated and leads to
the synthesis of triphosphoinositol and diacylglycerol. Triphosphoinositol causes a
transient spike in intracellular calcium, derived from a release of intracellular calcium
from the endoplasmic reticulum, and a more sustained increase due to the influx of
calcium through voltage sensitive and insensitive channels. An increase in diacylglycerol
concentration leads to an increase in protein kinase C activity which inhibits PTH

secretion. In hypocalcaemia, this calcium receptor activates the cAMP pathway leading to



secretion of PTH. Thus CaSR has a fundamental value in parathyroid gland physiology

as discussed in numerous scientific publications (Kumar and Thompson 2011).

Magnesium

The secretion of parathyroid hormone by the parathyroid gland is physiologically
controlled by the serum calcium level but high magnesium concentrations modulate PTH
secretion in a similar manner to calcium. However, PTH levels are influenced by several

factors other than serum magnesium levels.

It is widely recognised that higher serum magnesium lowers PTH levels. Conversely, it
has also been shown that low levels of magnesium stimulate parathyroid hormone
secretion. However, very low serum magnesium concentrations could also lead to some
degree of hypocalcaemia (Vetter and Lohse 2002). Researchers have described calcium
mimicking effects of magnesium on parathyroid hormone secretion, and in turn PTH
regulation of magnesium homeostasis by modulating renal magnesium reabsorption. It
has been demonstrated that magnesium deficiency could also impair the acute regulation
of PTH by serum ionized calcium (Iwasaki, Asai et al. 2007). Increases in serum
magnesium can also potentially affect secretion of PTH but only at supraphysiological
concentrations of two to three times the normal levels. A large number of the studies
evaluating the influence between PTH and magnesium are either not sufficiently
controlled or have methodological limitations to attain credible conclusions.
Haemodialysis patients with inadequately low PTH levels have exhibited greater serum
Mg concentrations and vice versa (Cunningham, Rodriguez et al. 2012). Magnesium is,

therefore, essential for normal parathyroid hormone secretion.

1.6 Diurnal Variation in Circulating PTH

In healthy people there is a circadian rhythm for parathyroid hormone release. The
hormone levels rise at night, after 8.00pm and fall during the day. Although the nocturnal
rise is associated with a fall in serum calcium, the nocturnal rise in PTH has been shown

to persist during continuous infusion of calcium (William Jubiz 1972). A large
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component of PTH rhythm is endogenous and may play an important role in calcium
balance (Fuleihan, Klerman et al. 1997) .Any alteration in this rhythm may result in a
catabolic calcium and bone-remodelling profile, thus contributing to the pathophysiology

of osteoporosis (White, Ahmad et al. 2007).

1.7 Mechanism of Action of PTH

PTH/PTHrP receptor:

The classical effects of PTH on calcium and phosphate homeostasis have been the subject
for debate since decades. It is well established that these effects are mediated through the
PTH/PTHrP or PTHIR receptor. PTH and PTHrP bind to and activate a G protein-
coupled receptor with 7 transmembrane spanning domains that is predominantly
expressed in bone and kidney, but is also present in fetal tissue and growth plate
chondrocytes (Lee, Deeds et al. 1995). It has the potential for alternate splicing and
promoter usage that is characteristic of human, rat and mouse (Kong, Schipani et al.
1994). PTHrP, like PTH, is a distinct polypeptide and is synthesized and expressed by
various tissues such as skin, blood vessels, smooth muscles, tooth buds, growth plate

chondrocytes, bone, kidney and neuronal and glial tissues.

PTH/PTHTrP receptor plays a main role in the action of PTH. Because of the complexity
of cells in the osteoblast lineage this mechanism of action is not yet completely explained.
The importance of PTH and PTHrP however, is evident by the variety of clinical
syndromes caused by deficiency or excess production of either peptide. Mutations of the
PTH/PTHrP receptor result in severe skeletal dysplasia i.e., Blomstrand
chondrodysplasia, as well as severe abnormalities in breast and tooth development (Ogata
2010). PTH/PTHIrP is recognized as an important regulator of bone remodelling, and has
been demonstrated to enable paradoxical (catabolic and anabolic) functions in vivo and in
vitro (Nabanita S. Datta 2009). Modulation of PTH/PTHrP signalling in osteoblastic
lineage has the potential to open a new era towards anabolic therapeutic options in

osteoporosis (Ono, Nakashima et al. 2007).



1.8 Metabolism of PTH

Intact PTH is degraded in the parathyroid gland by cathepsin like lysosomal enzymes,
Cathepsin B which cleaves it between amino acid residues 36 and 37 yielding a COOH
fragment and an amino-terminal (NH2) fragment. A cathepsin D like enzyme cleaves
PTH between 34 and 35 amino acids and yields more COOH and NH2 fragments. The
secretory products of the gland include intact PTH and mid and COOH-PTH fragments in
approximately a 7:3 ratio. COOH-PTH fragments are further discussed below under

‘heterogeneity of circulating PTH hormone’

1.9 Peripheral Clearance of PTH

Intact PTH is rapidly cleared from the circulation with a half life of approximately 2
minutes.(Kao, van Heerden et al. 2002). The extremely rapid peripheral clearance of
intact PTH essentially limits the duration of its action and enables the secretory activity of
parathyroid gland to determine the circulating concentration of biologically active PTH.
PTH clearance occurs primarily (60-70%) in the liver and also in the kidneys (20-30%),
and to a much lesser extent in the organs. Quantitatively less than 10-20% of secreted
intact PTH is converted to circulating C-fragments by peripheral metabolism (John P.
Bilezikian 2001).

Hepatic clearance

Research has shown that the liver contributes substantially to the clearance of circulating
intact PTH (Fang and Tashjian 1972), and this has been confirmed by numerous
subsequent analyses in several species, including humans(Oldham, Finck et al. 1978,
Daugaard, Egfjord et al. 1990). Hepatic clearance exceeds renal clearance and is a

complex process involving at least 3 different mechanisms:

1) Hepatic macrophages and Kupffer cells: These take up most of the hormone to
degrade it via cathepsin like enzymes into mid and COOH fragments as well as amino
acids. These fragments may be added to the pool of circulating PTH fragments from
the parathyroid gland.
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i1) Kupffer cells: These are responsible for both the rapid clearance and extensive

proteolysis of PTH that occur in the liver (Bringhurst, Segre et al. 2002)

iii) Hepatocytes: These take up small amounts of the hormone. Clearance by
Kupffer cells is a high capacity system and it may not discriminate between active and
inactive hormone, while uptake by hepatocytes is of low capacity, but specifically
removes active hormone. The middle carboxy-terminal (C-fragments) generated and
released by Kupffer cells reflect cleavage of the hormone between residues 33-34 and
36-37 of the intact hormone. C-fragments persist in the circulation for 5-10 times
longer than intact PTH, principally because they are cleared only by glomerular
filtration and not by hepatic uptake. The release by the Kupffer cells of C-fragments

accounts for a substantial part of the heterogeneity of circulatory PTH.

Renal Clearance

Extensive proteolysis of PTH also occurs in the kidney. Renal clearance occurs almost
entirely by the glomerular filtration. It has been established that impaired renal function
leads to delayed renal clearance of C fragments, their accelerated generation both in the
hyperplastic parathyroid glands and during peripheral metabolism of overproduced intact
hormone, leading massive accumulation of C fragments vs. intact hormone in the

circulation(John P. Bilezikian 2001).

Slow renal clearance of PTH in renal insufficiency is demonstrated in several other
studies both in human and in animals (Slatopolsky, Martin et al. 1980, Lorenzo Sellares
and Torregrosa 2008, Reinhardt W. 2011).

1.10 Heterogeneity of circulating Parathyroid hormone

Circulating PTH is immunoheterogeneous. The metabolism of PTH (1-84) within the

parathyroid gland and the liver, kidney and bone all contribute to the final heterogeneity

of PTH in circulation.
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Berson et al first observed that different forms of PTH are present in blood (Solomon A.
Berson 1963). Early evidence has revealed that hormonal fragments in plasma could
arise either by direct secretion from the parathyroid glands, or by peripheral metabolism
of the hormone. Thus, it consists of small amounts of intact PTH (1-84) which is
biologically active and large amounts of middle (mid) and carboxyl terminal (COOH)-
PTH fragments which are biologically inert. Both the parathyroid gland and peripheral
degradation of secreted intact PTH constitute the major source of mid and COOH-PTH

fragments.

In both healthy and control subjects with primary hyperparathyroidism the concentration
of these fragments is 5 to 10 fold higher than the concentration of intact PTH. These

fragments are known to accumulate in certain pathological conditions such as in patients
with progressive degrees of renal failure since their metabolic clearance depends heavily

on glomerular filtration.

Experiments confirm the presence of high levels of COOH fragments of significant
molecular weight (> 4500 Daltons) in serum samples obtained from patients with end
stage renal disease (Vieira, Kunii et al. 2009). The biological activity of PTH depends on
the integrity of the amino-terminal sequence of the peptide, mainly its first four amino
acids. However, the physiological role of the COOH-terminal PTH forms is yet to be

determined.

There is convincing evidence that parathyroid gland secretion of PTH is stimulated by
hypocalcaemia, whereas secretion of C-terminal fragments is promoted by
hypercalcemia. Certain C-terminal PTH fragments inhibit osteoclast formation and bone
resorption via direct effects on cells of the hematopoietic lineage through C-terminal
fragment receptors, suggesting the presence of a negative feedback loop to restrain the
release of calcium from bone into blood when it is not necessary (Murray, Rao et al.

2005) .

Conclusively, these C-terminal PTH receptors may protect the skeleton by limiting bone

resorption and disturb the equilibrium in favour of net bone formation. It is evident that
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these peptides have biological actions that are independent of activation or blocking of

PTHI1R (Murray, Rao et al. 2005)

1.11 PTH effects on bone

PTH enhances the release of calcium from the large reservoir contained in the bones.
Bone resorption can be triggered by parathyroid hormone (PTH) in response to
hypocalcaemia .PTH indirectly stimulates bone resorption by the generation of new
osteoclasts (osteoclastogenesis). Receptors for PTH are located on osteoblasts; PTH binds
to osteoblasts to increase their expression of RANKL (RANK Ligand) and inhibits their
expression of a secreted factor called Osteoprotegerin (OPG). As its name implies,
Osteoprotegerin "protects bone" by preventing bone resorption. Osteoprotegerin works as
a decoy receptor for RANKL: it binds RANKL and therefore prevents binding to RANK
(RANK stands for Receptor Activator of Nuclear factor-Kappa B) and stimulation of
osteoclastogenesis. The ratio of Osteoprotegerin: RANKL produced by osteoblasts will

determine the extent of bone resorption.

Biphasic bone effects of PTH:

The dual effects of PTH on bone are well supported in the literature which confirms that
continuous treatment exerts catabolic and intermittent treatment exerts anabolic bone
effects (Qin, Raggatt et al. 2004, Shinoda, Kawaguchi et al. 2010, Miyakoshi 2011). The
PTH effects on bone turnover depend on the mode and dose of administration. Elevated
PTH levels increase bone turnover, leading to either anabolic or catabolic skeletal effects
involving multiple mechanisms dependent on the pattern and duration of elevation (Poole

and Reeve 2005, Aslan, Andersen et al. 2012).

Catabolic effects of PTH

Continuous in vivo PTH infusion stimulates bone resorption. The response of bone to
PTH is determined primarily by pharmacokinetics. The amount of time each day that
serum teriparatide concentrations are above baseline levels of endogenous PTH in rats

determines the anabolic or catabolic response, rather than the area under the curve of
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teriparatide achieved (Frolik, Black et al. 2003). Subsequent studies have determined the
mechanism of this PTH led bone resorption as PTH can result in an increase in receptor
activator of nuclear factor-kB Ligand (RANKL) expression and consequent
osteoclastogenesis in culture, with an associated inhibitory effect on Osteoprotegerin
expression (Locklin, Khosla et al. 2003) . Earlier studies have also demonstrated that
continuous infusion of PTH in female osteoporotic patients at a dose of 800 IU for 28
days may inhibit bone formation as observed by a significant decrease in the biochemical
bone formation markers i.e., serum alkaline phosphatase, osteocalcin and the carboxy-

terminal extension peptide of pro-collagen 1 (Hodsman and Steer 1993).

Several studies suggested that short-term 2-week continuous infusion of hPTH1-34 (40
ug/ kg/day for 10 weeks) exerts a catabolic effect with a significant decrease in trabecular

connectivity density in old female mice (Iida-Klein, Lu et al. 2005)

There is evidence that continuous and excessive PTH secretion at sustained levels has
catabolic effects on the skeleton, and certain pathological conditions are clinically
responsible for this, such as chronic renal disease and hyperparathyroidism (Poole and

Reeve 2005).

Thus, at higher concentrations of PTH, its catabolic effects on bone are increased. With
primary hyperparathyroidism, the physiological stimulation of PTH on bone resorption
and formation is exaggerated, thus leading to frequent bone loss with clinical and

histomorphometric evidence for increased bone turnover (Aslan, Andersen et al. 2012).

Anabolic Effects of PTH

It was first discovered in 1932 that PTH could be anabolic when investigators observed
that PTH caused an increase in bone mass in rats(Hans 1932). The anabolic responses of
osteoblasts to PTH have now been studied abundantly and these studies have described
the key regulatory components as increased recruitment, proliferation and differentiation

and reduced osteoblast apoptosis.
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To date, the use of PTH as anabolic agent for treatment of osteoporosis has been
established intensively in human and animal literature. Hodsman has demonstrated
benefits of intermittent low dose administration of PTH by a rapid increase in
biochemical markers of bone formation, with a lesser and delayed increase in resorption
markers following intact PTH (Hodsman, Hanley et al. 2003). This researd has previously
observed the same response following treatment with teriparatide, when it found
histomorphometric evidence of osteoblast accumulation in response to teriparatide
injections within six weeks(Hodsman and Steer 1993) and subsequently he observed
increased cortical thickness than controls after 2 years of PTH 1-34 therapy (Hodsman,
Kisiel et al. 2000).

Mechanisms have been established, by which intermittent PTH is anabolic, whereas
continuous exposure to raised PTH is detrimental to the skeleton.. New techniques such
as microarray analysis have confirmed the complexity of the mechanisms involved.
However, it is well understood that PTH stimulates bone formation by acting directly
through PTHR1 receptors on osteoblasts and it also indirectly stimulates differentiation
and development of osteoclasts, leading to active bone resorption by increasing the
receptor activator of nuclear factor Kappa-B ligand and its decoy receptor osteoprotegerin

(RANKL/OPG) gene expression ratio (Stilgren, Rettmer et al. 2004, Potts 2005).

An emerging theory about the mechanism of teriparatide action suggests that its
stimulatory effects are associated with bone formation before it affects the processes
associated with bone resorption. Thus the anabolic effects are observed earlier than the
catabolic action during treatment. Studies have named this “the anabolic window” in the
first 3 months of treatment, where PTH stimulates bone formation to a greater extent than
bone resorption, suggesting that teriparatide could initially induce bone apposition
without prior bone resorption through modeling-based formation (Bilezikian 2007,
Bilezikian 2008) .Subsequent studies have further extended this “ anabolic window”
between 6 to 18 months of treatment (Aslan, Andersen et al. 2012). Further research on
the anabolic effects of PTH and its analogues can result in an increased number of

therapeutic targets.

Both animal and human studies have revealed the bone building properties of PTH when

used intermittently.
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In a study of 270 male Sprague-Dawley rats with femoral fractures, daily recombinant
human PTH (PTH 1-34) injections 30 pg/kg for a period of 35 days enhanced fracture-
healing by increasing bone mineral content, density and strength (p < 0.05). Further to
this, several days after dosage discontinuation a sustained anabolic effect was observed

throughout the remodelling phase of fracture-healing (Alkhiary, Gerstenfeld et al. 2005)

In an animal study, 18 rabbits underwent right tibia lengthening by callus distraction Two
groups of rabbits were treated with intermittent PTH (1-34) with a dose of 5 or 25
png/kg/day for 20 days and the third group was given saline. PTH (1-34) treatment groups
showed improved mineralization, and structural indices of regenerated distracted rabbits'
tibia. Treatment at the higher dose of 25 pg/kg/day of PTH (1-34) was significantly more
effective than 5 pg/kg/day of PTH (1-34) treatment when compared to the control group
(Aleksyniene, Eckardt et al. 2006).

In a study of male and female patients with primary osteoporosis, intermittent
subcutaneous administration of 1-34 N-terminal peptide of human parathyroid hormone
(hPTH 1-34) (100 units/week during 1 year) increased the mean lumbar bone mineral

density by 1.8%, 3.4%, and 4.6% after 12, 24, and 48 weeks of hPTH administration.

It is also noticed that intermittent weekly subcutaneous injections of hPTH (1-34)
increase trabecular bone volume and improve microstructure, without causing the
appearance of abnormal bone elements in primary osteoporosis (Miki, Nakatsuka et al.
2004). Emerging evidence has also shown benefits of teriparatide in the form of daily
nasal sprays (Sato 2007) and injections at weekly intervals (Ishizuya 2011) in terms of

increase in lumbar spine BMD.

It is proposed that intermittent PTH injection exerts its anabolic effects at three steps of
bone formation: (1) stimulating the proliferation of preosteoblasts; (2) promoting the
differentiation of preosteoblasts and osteoblasts; and (3) inhibiting osteoblast apoptosis

(Qin, Raggatt et al. 2004).

The mechanism of anabolic effects of intermittent low dose PTH has recently been

analysed in greater detail (Aslan, Andersen et al. 2012) . Multiple factors are involved in
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this mechanism such as: (1) PTH up regulation of c-fos expression in bone, (2) Role of
IGF in exerting anabolic bone effects , (3) Role of bone lining cells in differentiation of
osteoblasts, (4) Enhanced adhesion of mesenchymal stem cells to bone surface, (5) A
direct antiapoptotic PTH effect on osteoblasts ,(6) Over compensation of the osteoblasts
upon PTH interference with remodelling, (7) Down regulation of Sclerostin by PTH,
thereby removing inhibition of Wnt signalling which is required for PTH's anabolic
actions (Aslan, Andersen et al. 2012)

1.12 Role of PTH in Calcium Homeostasis

It has been widely acknowledged in the literature that the Parathyroid gland and PTH
plays a central role in regulation of Ca”* homeostasis by modulating bone metabolism, the
synthesis of 1a,25-dihydroxyvitamin D (1a,25(0OH);D) in proximal tubules, and the
reabsorption of Ca®" in the distal nephron (Kumar and Thompson 2011).

The association between calcium and PTH is bidirectional. Serum calcium controls the
secretion of PTH as described above, while serum calcium is also regulated by PTH

secretion. PTH responds rapidly to hypocalcaemia by:

1) Stimulating the release of calcium and phosphate from bone.

11) Stimulating reabsorption of calcium and inhibiting phosphate reabsorption from the
glomerular filtrate.

iii) Stimulating the renal synthesis of 1,25 dihydroxyvitamin D and thereby increasing

intestinal absorption of calcium and phosphate.

When the concentration of ionised calcium in the extracelluar fluid rises it then inhibits
PTH secretion completing the endocrine feedback loop (Felsenfeld, Rodriguez et al.

2007).

Conclusively, the physiological actions of PTH are in general directed towards raising
the concentration of calcium in the ECF. The actions of PTH on the kidney and bone in
effecting calcium transfer are direct whereas, the transfer of calcium from the gut to the

ECF is indirect and secondary to the influence of PTH in enhancing the formation of 1,25
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dihydroxyvitamin D from 25 hydroxyvitamin D in the kidney. In addition, as previously
stated, PTH plays a major role in the maintenance of bone turnover as it activates
osteoclastic bone resorption which is thought to be the primary step in the initiation of

bone remodelling.
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CHAPTER 1

Review of Parathyroid hormone, its physiology and therapeutic

use in Osteoporosis: Section 11

Role and pharmaceutical forms of PTH in treatment for osteoporosis

1.1 Introduction

The anabolic effects of PTH have been discussed in section I above. These effects in
cancellous bone are well recognised over the past two decade (Silverberg, Shane et al.
1989).Numerous animal and human based studies have found the basis of intermittent
PTH use as anabolic bone agent in osteoporosis.(Dempster, Cosman et al. 1993, Alkhiary,
Gerstenfeld et al. 2005, Aleksyniene, Eckardt et al. 2006, Aslan, Andersen et al. 2012) .
The use of PTH in postmenopausal osteoporosis is relatively recent. While, a majority of
therapies currently recommended for the management of osteoporosis act mainly to
inhibit bone resorption and reduce bone remodelling, PTH and its analogs represent a new
class of anabolic therapies for the treatment of severe osteoporosis, having the potential to

improve skeletal microarchitecture.

Presently two forms of injectable PTH are being used for this:
e PTH (1-84), or full length PTH
e PTH (1-34), or teriparatide.
Both forms of PTH are strong anabolic bone agents. These drugs increase the
cancellous bone mass and they have proven anti fracture efficacy in vertebral and non
vertebral fractures in an osteoporotic population (Neer, Arnaud et al. 2001, Verhaar

and Lems 2009).

Other forms of non full length or shortened PTH i.e., PTH (1-31), PTH (1-36), and PTH

(1-38), have been studied as treatments for osteoporosis, and are yet to complete phase
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III trials (Adami 2008). A number of trials have shown a teriparatide induced increase in
spine and hip BMD, a reduction of fracture risk and changes in biochemical markers of

bone turnover in postmenopausal women. However, considering the scope of this thesis,
it is hereby focused mainly on the most recent literature on the clinical use of intact PTH

(1-84) and to some degree on PTH (1-34) in terms of their use in osteoporosis.

1.2 PTH (1-84)

European Public Assessment Report (EPAR), for PTH (1-84) Preotact, in 2012 has
confirmed the description of the commercially available PTH (1-84) by European
Medical Agency in 2007. In accordance with it, it is manufactured using a strain of
Escherichia coli modified by recombinant DNA technology. The medicinal product is
supplied in a dual-chamber cartridge: one chamber contains the PTH in powder, the other
a sterile solvent for reconstitution. The cartridge is inserted into an injection pen, which
injects subcutaneously a dose of 71.4 pL. containing 100 pg PTH. Each cartridge contains

14 doses and, after reconstitution, has to be stored in a refrigerator (2 to 8 °C).

1.3 Substantial Clinical trials involving PTH (1-84) and its effects on BMD and

Fracture risk reduction

The pivotal large clinical studies warranting the use of PTH (1-84) in the treatment of

postmenopausal osteoporosis are described below:

A large study of 2532 postmenopausal women, known as the TOP trial was a randomized,
double-blinded, placebo-controlled, parallel-group study over a period of 18 months
(Greenspan, Bone et al. 2007). The participants with aged 45-54 years were included if
BMD was < -3.0 at the lumbar spine, femoral neck or total hip, or if BMD was < -2.5
with 1-4 prevalent vertebral fractures. Women with ages >55-75 years) were included if
BMD was <-2.5, or if BMD was < -2.0 with 1- 4 prevalent vertebral fractures. Of the
study participants 1286 women received 100 ug PTH (1-84) and 1246 women received
placebo. All participants were supplemented with daily calcium citrate (700 mg/day) and
vitamin D (400 U/day). The primary objective was the identification of new or worsening

vertebral fractures by radiography. Secondary objectives were to track changes in BMD
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at the spine, hip, distal radius, and total body and to observe the bone turnover markers.
Changes in quantitative computed tomography (QCT) were also recorded. A total of 1701
women completed the study including 70% in the placebo group and 64% in the PTH
group. Data analysis demonstrated increases at month 18 in trabecular BMD at the spine
(37.6%, P <0.001), total hip (4.7%, P <0.001), femoral neck (4.5%, P <0.001), and
trochanter (4.3%, P <0.001), but there were also increases in total hip cortical volume
(9.0%, P <0.003) and total hip cortical volumetric bone content (4.8%, P < 0.040). A
decrease was seen in the total hip cortical volumetric BMD (4.7%, P <0.001).

In this trial the incidence of new or worsened vertebral fractures was significantly (P <
0.001) lower in treated patients (1.4%) than in the placebo group (3.4%), with a 58%
(95% confidence interval [CI] 0.24 to 0.72) reduction in relative risk (RR). The RR
reduction for a first vertebral fracture was 68% (95% CI 0.14 to 0.75) (P < 0.006) in
patients without a prevalent fracture at baseline. The number of patients that needed to be
treated (NNT) for a median of 18 months to prevent a new or worsening vertebral fracture
was 51 .The NNT was 71 in patients without a baseline fracture, and 22 in those with a
baseline fracture. Bone alkaline phosphatise (bALP) increased in this study,
approximately 30% at month 1, 100% at months 6 and 12, and 80% at month 18 in the
PTH group.

TOP study was followed by OLES study (Roux C 2007) in which 1681 women
continued to participate. Its primary objective was to assess the safety and efficacy of
prolonged use of PTH. From the PTH group, 781 patients and from the placebo group
900 patients continued the same treatment as the TOP for a further 6 months (on top of
previous 18 months) and were monitored for 12 months after discontinuation. Changes in

BMD, bone turnover markers, and adverse events were monitored.

Treatment extension for up to 24 months in OLES resulted in a continued increase in
BMD from baseline, 6.8% in lumbar spine and 2.2% in femoral neck. The results had
shown only a few new vertebral fractures which were counted as 1 (1.7%) in the group
treated with PTH (1-84) for a further 6 months, 2 (1.9%) in the 12-month placebo-

treatment group, and 4 worsened vertebral fractures in the former PTH (1-84)-treated
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group. The low number of new fractures, during extended PTH treatment and after its

cessation, confirmed the effect of PTH in the prevention of osteoporotic fractures.

A further follow up study named as TRES (Jodar-Gimeno E 2008) was done on 91
selected postmenopausal women from OLES. They were given about a 2 month break of
PTH after OLES. These patients were treated with PTH (as in the TOP study) for a total
of 36 months. Changes in BMD and bone turnover markers and adverse events were
monitored. The patients treated in OLES and TRES for 36 months showed a progressive
increase in lumbar spine and total hip BMD for the first 18 months (8.0% and 2.1%
respectively). There was a small decrease (to 7.0% and 1.7%) during the approximate 2-
month break without treatment. Lumbar spine BMD further increased until month 24 of
PTH treatment (8.5%) remaining stable for the final 12 months. Total hip BMD increased
progressively above OLES baseline by 3.4% at month 36.

The most recent 6 month open label extension trial on 782 subjects from the TOP study
has shown continued increases in lumbar spine BMD by 6.8 % above baseline (p<0.05)
when PTH (1-84) was continued over 24 months. An increase by 1.1 and 2.2 % above
baseline of BMD hip and femoral neck respectively has also been observed. The PTH
adherent group sustained significantly fewer fractures than the poorly adherent group

(Black, Bilezikian et al. 2013) .

The PaTH study (Black, Greenspan et al. 2003) is a 1year, randomized, double-blind
clinical trial of 238 postmenopausal women. It has investigated whether the concurrent
administration of PTH (1-84) and alendronate can increase bone density more than the
use of either one alone. Postmenopausal women not on bisphosphonates with T score <—
2.5 at hip or spine or with a T score <-2.0 along with an additional risk factor for
osteoporosis, were randomly assigned to a daily treatment i.e., 119 women were treated
with 100 pg of PTH (1-84) , 60 women were treated with 10mg of alendronate , and 59
women were treated with both drugs . BMD changes at the lumbar spine, hip, and distal
radius were primary endpoints and these were assessed by DXA. In a subset of 204
patients, QCT was also performed at the spine and the hip. Markers of bone turnover

were measured; adherence and adverse events were assessed.
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BMD spine was increased with all treatment regimes however it was substantial in the
PTH group (6.3%) as compared with the combination therapy group (4.6%). Bone
formation markers also increased markedly in the PTH group but not in the combination-
therapy group. N-propeptide of type 1 collagen (P1NP) increased after 1, 3, and 12
months of PTH therapy (approximately 90%, 140%, and 150% respectively) and rapidly

decreased after treatment suspension.

The above study was closely followed up by another trial (Black, Bilezikian et al. 2005)
to investigate whether antiresorptive therapy should follow PTH therapy to maintain
BMD gain. In this trial the monotherapy patients with PTH (1-84) for one year were
randomly assigned to receive either placebo ( n=60) or alendronate { n= 59). Meanwhile
the patients on combination therapy or alendronate mono therapy during year one
continued to receive alendronate. At the end of the following 1 year BMD in trabecular
bone at the spine had increased by 13% in the PTH group followed by alendronate as seen
on quantitative CT. Also at 2 years of PaTH study, 21 women (8.8%) had 1 or more
clinical fractures, but no differences among groups were detected (Black, Bilezikian et al.

2005).

Several other studies even in the early stage have also demonstrated the benefits of the

clinical use of PTH 1-84. The salient points of the relevant studies are outlined:

A phase II trial of 217 North American postmenopausal women aged between 50-75
years (Hodsman, Hanley et al. 2003) merits discussion. This double-blind, placebo-
controlled study was done over a 12 month period objectively to investigate the safety
and efficacy of PTH (1-84). All patients had a T score of <-2.5 at lumbar spine, they had
not received any recent osteoporotic treatment and they had no significant history of

skeletal or vertebral issues.

The patients were randomly assigned to receive PTH (1-84) at doses of 50, 75, 100 pg
and placebo. They were also supplemented daily with calcium carbonate (500 to 1000
mg) and vitamin D (400 IU). The primary objective was to assess the percentage change

in vertebral BMD over the treatment period. BMD and bone mineral content (BMC) at
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the femoral site, as well as bone marker values were also measured as secondary end

points. Adverse events and compliance were also recorded.

Osteocalcin significantly increased dose-dependently in the PTH treated group in this
study. Percentage changes ranged from 20% with 50 pg to 45% with 100 pg at month 1,
from 60% to 120% at month 6, and from 75% to 150% at month 12.

The effects of PTH (1-84) as an adjunct to stable hormone replacement therapy (HRT)
were evaluated in the POWER study (Fogelman, Fordham et al. 2008). It was a
randomized, double-blind, placebo-controlled, parallel-group study conducted at 25
clinical centres. There were 187 postmenopausal study participants aged > 45 years, at a
minimum of 1 year after menopause with T score <-2.0. All women were on HRT >
6mths. Subjects were randomized to receive 100 pg PTH (1-84) or placebo injections
daily for 24 months (n = 90/group). Changes in lumbar spine BMD were tracked as a

primary outcome.

At 18 months, the mean increase in lumbar spine BMD was 7.9% for PTH (1-84)
subjects vs. 1.5% for those receiving HRT alone; between-group differences were
significant at 6 months and persisted throughout the study. Lumbar spine BMD increased
in 94% of women receiving PTH (1-84) compared to 59% for HRT alone. The PTH (1-
84) subjects also showed significantly higher femoral neck BMD and bone turnover
markers when compared to HRT mono therapy group. Bone alkaline phosphatase in the
POWER study increased by 98% at month 12 and 115% at month 24 in the PTH with
HRT group. However, a significant statistical analysis on fracture risk reduction could

not be performed due to insufficient numbers of vertebral and clinical fractures.

It is widely accepted that Parathyroid hormone (PTH) is the first bone anabolic drug
approved for the treatment of osteoporosis and evidence proves its efficacy in terms of
fracture healing at both cancellous and cortical sites, indicating that both osteoporotic and
non osteoporotic fractures can be the target of PTH-induced healing. The data also
suggests that PTH could partly prevent the delay in fracture healing caused by aging
(Ellegaard, Jorgensen et al. 2010).
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Animal studies have provided robust evidence that PTH (1-84) improves fracture healing
and in a recent study of 65 elderly osteoporotic females it has been successfully used in
pelvic ramus fracture healing (Einhorn 2011, Peichl, Holzer et al. 2011). PTH may
therefore be a potential novel treatment option in humans with impaired healing
(Jorgensen and Schwarz 2011); However, there is a need to do more extensive human

studies in this area (Einhorn 2011).

1.4 PTH (1-34)

Parathyroid hormone is naturally an 84-amino-acid polypeptide. Teriparatide, thPTH(1-
34), produced in E. coli, using recombinant DNA technology, is identical to the 34 N-
terminal amino acid sequence of endogenous human parathyroid hormone. PTH 1-34,
teriparatide, at a dose of 20 mcg/day, is available in the United States and Europe for the
treatment of severe osteoporosis in both men and women. The European Commission
granted a licence valid throughout the European Union for PTH 1-34, teriparatide
(Forsteo) to Eli Lilly Nederland B.V. on 10 June 2003. The marketing authorisation was
renewed on 10 June 2008. European public assessment report (EPAR) describes Forsteo
as a prefilled pen which contains the active substance teriparatide. Each 2.4-ml prefilled
pen contains 600 micrograms of teriparatide. Each pen contains 28 doses of 20
micrograms (per 80 ml). Although the shelf life is 2 years, once opened the Chemical,
physical and microbiological in-use stability has been demonstrated for 28 days at 2°C-

8°C.

1.5 Substantial Clinical trials involving PTH (1-34) and its effects on BMD and

Fracture risk reduction

The Fracture Prevention Trial (FPT) of PTH 1-34 (teriparatide) is a Pivotal study which
ascertained the efficacy of teriparatide in osteoporosis treatment (Neer, Arnaud et al.
2001) . It involved 1,637 osteoporotic postmenopausal women (mean age 69.5 years)
with previous vertebral fractures. These were randomly assigned to receive PTH either 20

or 40 ng /day subcutaneously or placebo. The primary indication of efficacy was the
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prevalence of new vertebral fractures at the end of the study. The study also looked at
non-vertebral fractures.

After 18 months of treatment, there was significant vertebral and non-vertebral fracture
efficacy; the relative risks for vertebral fractures for the 20 and 40 mcg doses compared
with placebo were 0.35 (95% CI 0.22-0.55) and 0.31 (95% CI 0.19-0.50) and for non-
vertebral fractures the relative risks were 0.47 and 0.46, respectively (95% CI, 0.25-0.88
and 0.25-0.861).

It was observed that the fracture risk reduction did not differ by dose, even though BMD
changes were significantly greater at a dose of 40 mcg/day (Neer, Arnaud et al. 2001).
The safety and efficacy of teriparatide in postmenopausal women aged 75 and older was
further assessed using Fracture Prevention Trial (FPT) data. Observations did not show
any significant treatment-by-age interactions for the bone turnover markers, femoral neck
BMD, vertebral and non vertebral fragility fractures and any important treatment-
emergent adverse events. This analysis therefore established the safety and efficacy of

teriparatide in relatively elderly population as well (Boonen, Marin et al. 2006).

Another recent analysis using Fracture Prevention Trial (FPT) data highlights that the risk
reduction for non-vertebral fracture in teriparatide treated patients versus placebo
depended on the set of non-vertebral fractures included in the analysis. The risk of non-
vertebral fragility fracture was significantly reduced in the teriparatide group when all
fracture sites were considered and lower risk reductions were observed when the

outcomes were limited to fragility fractures (Krege and Wan 2012).

The European Forsteo Observational Study (EFOS) was a 36-month, prospective,
observational study, the first of its type to evaluate prevalence of fractures in addition to
back pain in severely osteoporotic postmenopausal women (Fahrleitner-Pammer,
Langdahl et al. 2011). This study followed 1,649 postmenopausal osteoporotic women
who were treated with teriparatide in the outpatient setting in eight European countries for
duration of 18 months, followed by a post treatment period of a further 18 months. The

primary study endpoint was clinical vertebral and non-vertebral fractures.
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For all fractures including vertebral fractures, there was a significant reduction in the
adjusted odds of fracture at 12 to <18 months of teriparatide treatment and during the

post-teriparatide intervals compared with the first 6 months of teriparatide treatment.

In the total study cohort, the odds of fracture were reduced by 39% at 12 to 18 months of
treatment (p =0.013) compared with the first 6 months of treatment; this decreased
further to 74% at 30 to <36 months (p <0.001). The odds of having a non-vertebral
fracture were significantly lower during the 24- to <30-month interval (OR 0.40, 95% CI
0.21 to 0.75) and 30- to <36-month interval (OR 0.41, 95% CI 0.22 to 0.76), compared
with the first 6 months of teriparatide treatment. Similar results were observed for the

main non-vertebral fractures.

Data from the post-teriparatide cohort showed there was no evidence of further change in
the odds of fracture during the 18 months after stopping teriparatide (Fahrleitner-Pammer,

Langdahl et al. 2011).

A subsequent predefined analysis of the same study (EFOS) also highlighted that both the
frequency and severity of back pain decreased during teriparatide treatment in the elderly
patients with aged 75 years and older and this was maintained after teriparatide was

discontinued (p<0.001) (Walsh, Lems et al. 2012).

This marked reduction in back pain during teriparatide therapy was consistent with a
meta-analysis of five randomized controlled trials, which reported that the risk of new or
worsening back pain was reduced by 34% after teriparatide treatment; taking account of
teriparatide related reduced risk for any back pain [relative risk, 0.66 (95% CI, 0.55-
0.80)], moderate or severe back pain [relative risk, 0.60 (95% CI, 0.48-0.75)] and severe
back pain [relative risk, 0.44 (95% CI, 0.28-0.68)] (Nevitt, Chen et al. 2006)

Another double-blifided, double-dummy clinical trial was conducted in 428 men and
women (ages 22-89yrs) with glucocorticoid induced osteoporosis (Saag, Shane et al.
2007). This study compared the effects of Forsteo and alendronate on BMD of spine over
three years. The primary endpoint was lumbar spine BMD at 18months. A total of 214
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patients received 20 pg of teriparatide once daily, and 214 received 10 mg of alendronate

once daily.

A greater increase in the lumbar spine BMD was observed in the teriparatide group when
compared to the alendronate group (7.2+/-0.7% vs. 3.4+/-0.7%, P<0.001). A significant
difference between the groups was reached by 6 months (P<0.001).

Secondary outcomes of this trial included changes in bone mineral density at the total hip
and in bone turnover markers, the time to changes in bone mineral density, the incidence
of fractures, and safety. At 12 months, bone mineral density at the total hip had increased
more in the teriparatide group. Fewer new vertebral fractures occurred in the teriparatide
group than in the alendronate group (0.6% vs. 6.1%, P=0.004); the incidence of non-
vertebral fractures was similar in the two groups (5.6% vs. 3.7%, P=0.36).

In summary, both teriparatide and alendronate increased the lumbar spine and hip BMD
but this effect was significantly greater in the teriparatide group (Saag, Shane et al. 2007).
A post hoc analysis studied the effect of baseline glucocorticoid dose on the 18-month
BMD in 387 patients from this study. Lumbar spine BMD increases with teriparatide
were greater (3.5%) in the low-dose category (<0.05 mg/day) than in the high-dose
category (>15 mg/day) ( p=0.012), reflecting the different mechanisms of action of these
agents (Devogelaer, Adler et al. 2010).

A recent metanalysis of the clinical trials further reinforces the effectiveness of
teriparatide in osteoporosis treatment (Han and Wan 2012, Johnson 2012). The
comparisons were made among the studies involving daily subcutaneous injections of
teriparatide with durations ranging from 6 to 36 months, with a placebo in primarily
postmenopausal women with osteoporosis, having no coexisting medical conditions or
treatments that would affect bone or calcium metabolism. Primary objectives were to

observe spine and hip BMD and vertebral and non-vertebral fractures.

In trials that measured BMD as an outcome, treatment was associated with an increase of
bone mass. The meta-analysis of 8 trials (n = 2206) illustrated that teriparatide increased

spine BMD by 8.1% (95% CI 6.72 to 9.55), and the meta-analysis of 7 trials (n = 1303)
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demonstrated that teriparatide increased hip BMD by 2.5% (CI 1.67 to 3.29) compared
with placebo; there was significant statistical heterogeneity (P < 0.01) across study results

for BMD outcomes(Johnson 2012) .

In trials that reported fracture as an outcome, treatment was associated with a 70% risk
reduction in vertebral fractures (risk ratio 0.30, 95% CI: 0.21-0.44; three trials, n = 1452)
and 38% risk reduction in non-vertebral fractures (risk ratio 0.62, 95% CI: 0.44-0.87;
three trials, n = 1842).(Han and Wan 2012)

1.6 Adverse rPTH effects

Since the anabolic bone effects of intermittent PTH have been established, both forms of
peptide i.e., PTH (1-84) and PTH (1-34) have been well tolerated and effective treatments
for osteoporosis. Of note, the incidence of adverse effects following rPTH treatment has
been observed in animal and human based investigations. Although there is insufficient
data to conclusively comment on side effects associated with intact PTH as yet, it is most

likely similar to teriparatide.

Osteogenic sarcoma

Soon after the introduction of rPTH as a revolutionary drug in osteoporosis treatment, the
process of development of PTH as osteoporosis medication abruptly came to a halt in a
pivotal registration trial for teriparatide, when osteosarcoma was observed in an animal

study on rats.

The study data suggested that these lesions resulted from the long duration of treatment
and the exaggerated pharmacologic response of the rat skeleton to daily treatment with
PTH(1-34). (Vahle, Sato et al. 2002). However, it turned out that this phenomenon was
specific for a certain Fischer strain of rats, and only with lifelong treatment at extreme

doses, starting at birth (Vahle, Long et al. 2004).

Osteogenic sarcoma was also observed in the PTH 1-84 preclinical carcinogenicity rat

study over 2year. It showed a dose-responsive increased incidence of osteogenic sarcoma
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(50- 100 pg/day). A non carcinogenic dose of PTH (1-84) was identified which was of 10
ng/kg/day at a systemic exposure to PTH and that was 4.6-fold higher than for a 100 pg
dose in humans (Jolette, Wilker et al. 2006).

There is very little evidence of osteogenic sarcoma in humans followed by rPTH use.
The only reported case of osteogenic sarcoma in humans treated with teriparatide, was
made following the biopsy of a lung lesion in a female smoker and a particular bone

source was not identified (Harper, Krege et al. 2007).

To date, a large number of the osteoporotic patients have completed the course of PTH

(1-34) or PTH 1-84 without osteosarcoma cases being directly linked to PTH use.

Thus, rPTH doesn’t raise any concerns about exerting any carcinogenic effects in
humans, however, ongoing monitoring and direct side-by-side comparison of both forms

of PTH is recommended.

Hypercalcaemia

The principal physiological role of PTH is to raise calcium during fasting periods, so
transient hypercalcaemia is expected to occur 4 to 6 hours after PTH injection. However,
PTH injections consistently increased serum calcium in a percentage of patients in all

PTH trials (Miller 2008).

In FPT trial post dose serum calcium was above the upper limit of normal at least once in
11% of patients on teriparatide. Similar transient rises in serum calcium have been

reported during other controlled trials with teriparatide (Black, Greenspan et al. 2003).

In the TOP trial the number of patients with elevated serum calcium concentration (>2.66
mmol/L or 10.7 mg/dL) in the PTH (1-84) treated group was 27.8% compared with 4.5%

in the placebo group (Greenspan, Bone et al. 2007). This incidence is higher than reported
in teriparatide trials and in the PaTH study i.e.12% (Black, Greenspan et al. 2003).

In an earlier study, 28 women taking teriparatide and two receiving alendronate had

elevated four-hour to six-hour post-dose serum calcium levels at least once, and one
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woman discontinued teriparatide treatment because of increased serum calcium levels
after injection. The women with elevated serum calcium levels were asymptomatic, and
these increases were not associated with clinically significant adverse outcomes (Body,

Gaich et al. 2002).

While no clinical adverse events have been linked to any increments in serum or urine
calcium, the most efficient means of identifying the small percentage of patients who

require dose reduction has yet to be determined.

Hypercalciuria

In FPT, teriparatide treatment was followed by a small increase in 24 hour urinary
calcium (24hrUrCa) excretion by a median of 0.75 mmol (30 mg)/day (Neer, Arnaud et
al. 2001).

In the TOP study hypercalciuria occurred in 46% and 23% of women receiving PTH and
placebo, respectively (Greenspan, Bone et al. 2007).

In the POWER trial hypercalciuria was detected in 43.3% of the HRT with PTH group
and in 16.7% of the HRT group.

In the PaTH study, after year one, 9% of enrolled women developed hypercalciuria, 8%
in the PTH-alone group, 11% in the combined therapy group, and none in the alendronate
group. The frequency of episodic hypercalcemia or hypercalciuria in this trial was 21% in
general. Episodes were generally mild and hypercalciuria resolved after discontinuing
calcium and vitamin D in 12 patients (80%), after decreasing PTH injection frequency in
2 patients, and did not recur when daily frequency was resumed, and without intervention

in the remainder (Antoniucci, Sellmeyer et al. 2007).

In the same trial, only 2 patients in the PTH-alone group had concurrent hypercalcemia
and hypercalciuria. Mean urine calcium concentration significantly increased in both the
PTH-alone and the PTH and alendronate groups, but there was no significant difference

between the two groups. The risk of hypercalciuria increased by 50% with each
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50 mg/day increase in baseline urinary calcium (relative risk 1.5; 95% CI 1.1 to 2.0)

(Antoniucci, Sellmeyer et al. 2007).

Despite the increased risk of hypercalciuria on rPTH treatment, no serious adverse events

have been reported to date.

Hyperuricemia

A significant increase in serum uric acid has been found in about 3% of patients after
teriparatide therapy in the Fracture Prevention Trial (Neer, Arnaud et al. 2001). A
significant increase in the mean serum uric acid concentration (61 mmol/L) has also been
observed in patients treated with intact PTH in PaTH study (Black, Greenspan et al.
2003), in both the PTH with alendronate and the PTH-alone groups, and there were 2
patients with gout in the combination therapy group and 1 in the PTH group (Black,
Greenspan et al. 2003) .

An increase in serum uric acid above the normal range was also observed in the PTH
group in the TOP study at month 18, approximately 20% compared to 4.5% with placebo
(Greenspan, Bone et al. 2007).

Other adverse events (ADEs)

The most commonly reported other adverse events in patients treated with rPTH include
but are not limited to: nausea, headache, injection site complications, fatigue asthenia,
neck pain, hypertension, angina pectoris, syncope, constipation, dizziness, depression,
insomnia and vertigo. ADEs appear to increase with higher dosages. However in most of
the cases rPTH is well tolerated and the side effects experienced by patients do not reach

a significantly severe level.
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Few studies mentioning ADEs related to PTH 1-84 use:

In the phase II trial of PTH (1-84) a non dose-related injection site reaction was the most
common complaint in 134 of 217 women, but this event is not so widely reported in other

studies.(Hodsman, Hanley et al. 2003) .

In the TOP study, a similar number of patients experienced adverse events in the PTH and
placebo groups (94.0% versus 92.9%). However, PTH (1-84) treated patients complained
more frequently of nausea and vomiting than the placebo group patients (22.6% versus
9.2%; P <0.001 and 8.0% versus 4.4%, respectively). Headache frequency was higher
in PTH treated patients in the TOP study, 28.5% versus 23% in the placebo group
(p<0.001).

The patients who discontinued the treatment in the TOP study because of adverse events
comprised approximately 16% of the PTH group (nausea 4.4%, headache 1.4%, vomiting
1.1%, dizziness 0.8%, and elevated serum calcium 2.4% or urine calcium levels 0.5%)
and 12% of the placebo group (only 2% for these combined events) (Greenspan, Bone et

al. 2007) .

In the TOP study PTH induced a slight reduction in haematocrit, haemoglobin, and
erythrocyte count at all time points. No serious alterations in cardiac rhythm,
repolarization, or intraventricular conduction were reported (Greenspan, Bone et al.

2007).

In the POWER study, a similar number of patients experienced adverse events in all
treatment groups. However, nausea was more frequent in the HRT and PTH group than in

the HRT alone group (25.6% vs 3.3%) (Fogelman, Fordham et al. 2008).

Similarly, in the PaTH study almost the same number of patients reported adverse events
in both treatment groups (96% PTH and HRT vs 93% HRT all events, 26.7% versus
17.8% serious adverse events). No differences in headache frequency between various

groups were reported in the PaTH study (Fogelman, Fordham et al. 2008) .
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Few studies mentioning ADEs related to PTH 1-34 use:

According to the study by Body et al, significantly fewer patients taking teriparatide
(5.5%) had new or worsened back pain compared with patients taking alendronate
(19.2%) although six patients taking teriparatide reported leg cramps (Body, Gaich et al.
2002).

In The Fracture Prevention Trial (FPT), 7 94 of 1,637 women withdrew because of
ADEs. 18% of the women reported nausea, 13% headaches, 9% dizziness, and 3% leg
cramps. The investigators also noticed an increase in circulating antibodies to PTH, which
occur more often in higher doses of teriparatide (40 mcg) but these antibodies had no
discernible effects on any of the measured clinical outcomes. Antibody formation was not

found after intact PTH therapy (Hodsman, Hanley et al. 2003).

1.7 Adherence to treatment

Adherence to treatment and compliance in the patients treated with both forms of PTH in
the clinical trials is high, when reported. In the phase II trial of PTH 1-84 compliance was
very high, at 94.8% to 97.6% in all PTH groups, 14% of the patients discontinued the
treatment, only 38% of these due to an adverse reaction and 48% due to study

noncompliance (Hodsman, Hanley et al. 2003).

In the TOP study, 824 women out of 1286 (64%) in the PTH treated group completed the
trial. Reasons for discontinuation when compared with the placebo group saw the
number of drop-outs due to adverse events double, but serious adverse events, fractures,
and confirmed bone loss were more frequent in the placebo group (Greenspan, Bone et al.

2007).

In the POWER study 62% in the PTH and HRT group and 93% in the HRT only group
completed the study and overall compliance was high (96% and 97%
respectively)(Fogelman, Fordham et al. 2008). In the PaTH study 95% of patients
completed the first year visit, and 75% fully adhered to treatment by injection (Black,
Greenspan et al. 2003).
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1.8 Conclusions

In summary, rPTH is generally well tolerated and treatment compliance rates are
favourable. An improvement in patient compliance and therapy costs could be achieved

by a refraction of injection frequency.

A double-blind, randomized, placebo-controlled trial verified that less frequent PTH
administration increased lumbar spine BMD, radial trabecular bone, and bone formation
markers in 50 postmenopausal women aged 45 to 70 years with a femoral neck BMD T-
score between -1.0 and - 2.0. The administration regimen comprised of once daily
injection of PTH (1-84) at a dose of 100 pg for one month, followed by weekly

injections, same dose, for 11 months (Black, Bouxsein et al. 2008).

Recombinant PTH administration has been established as a safe and effective drug for
treatment of osteoporosis in various regions of the world (Sethi, Chadha et al. 2008). Of
note, large differences (up to 20 fold) still exist in the number of patients receiving PTH
across different countries, due to varying accessibility to PTH as a result of a combination
of restrictive schedules of reimbursement, high cost, and physicians’ lack of awareness of

the potential benefits of PTH (Hosking, Alonso et al. 2009).

Conclusively, current limitations on the length of treatment and the high acquisition cost
mean that rPTH is best reserved for the treatment of patients with osteoporosis at high
risk of fracture, or for patients with osteoporosis who have unsatisfactory responses to or

intolerance of other osteoporosis therapies (Blick, Dhillon et al. 2009).

Recently a panel of Swiss experts in osteoporosis treatment has established a consensus
on the treatment indications of rPTH in osteoporotic women and men after lIreviewing the
emerging evidence supporting its use. It has been suggested that rPTH should be used as a
first line agent in severely osteoporotic patients with a high fracture risk. It will
subsequently deposit new good quality bone instead of maintaining pre existing bone

mass achieved with antiresorptive drugs (Rizzoli, Kraenzlin et al. 2011).
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1.9 Other uses of rPTH:

Emerging evidence for both PTH (1-34) and PTH (1-84) use in non osteoporotic or
hypoparathyroid population has shown a potential for improvement in abnormal bone-
remodeling dynamics and return of bone metabolism toward normal euparathyroid levels.
It has also been established that both forms of PTH lower body requirements for
supplemental vitamin D and also increase bone turnover. Further detailed studies in
relation to rPTH effects on quality of life measures are ongoing (Rubin, Dempster et al.

2011, Cusano, Rubin et al. 2012).
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Chapter Two

Malnutrition and identification of malnutrition
in elderly: Section I

Malnutrition in elderly

2.1 Introduction

Nutrition is crucial to skeletal health. A healthy balanced diet will ensure that all nutrients
necessary for bone health are provided in the diet. This can be achieved by following the
principals of the food pyramid. However, prevalence of malnutrition increases with
advancing age. Many elderly patients have an increased risk for malnutrition compared

with other adult populations.
2.2 Definition of Malnutrition

Nestlé Healthcare Nutrition defines malnutrition as : A state of nutrition (under or over
nutrition) in which a lack of protein, energy and other nutrients causes measurable
adverse effects on tissue and/or body form, composition, function or clinical outcome.
As per the scope of this chapter, malnutrition will refer to the state of under-nutrition as

this remains the common use throughout the published literature.
Malnutrition can be significant if a person has:

« aBMI of less than 18.5 kg/m”
o had unintentional weight loss greater than 10% within the last 3-6 months
 aBMI less than 20kg/m” and has had unintentional weight loss greater than 5%

within the last 3-6 months.
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2.3 Prevalence of Malnutrition in the elderly

The prevalence of malnutrition in older adults is dependent upon the population studied,

varying by geography, age distribution, and living situation.

It has been projected in the past that between 2%—16% of community-dwelling elderly
are nutritionally deficient in protein and calories (Whitehead and Finucane 1997). With
further inclusion of vitamin and mineral deficiencies in this estimate, a subsequent
calculation of percentage of malnourished elderly population exceeds by 35% (Chandra

2002).

It has been observed since decades that between 16% to 39% of housebound patients

suffer from malnutrition (Cederholm and Hellstrom 1992).

The British Association for Parenteral and Enteral Nutrition- Nutrtional Screening Week
(BAPEN NSW) in 2007 revealed a high prevalence of malnutrition amongst the elderly

population:

e 35% in adults over 80 years of age
e 25-35% in adults 60 — 80 years
e 25% in adults less than 60 years of age

An analysis of NHANES 2003-2004 concludes that above 8% of elderly women in
United States are consuming protein at a level below their estimated average requirement

(Fulgonilll 2008, TIT 2008).

A subsequent study also reports the prevalence of malnourishment to be 28% in

community-dwelling and ambulatory elderly persons (Ulger Zekeriya 2010) .
In hospitalised patients, prevalence of malnutrition has been identified in between 20%

and 65% of the elderly population (Bienia, Ratcliff et al. 1982, T 1992), (Elmstahl,
Persson et al. 1997, Chandra 2002).
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Other researchers also report that 60% of hospitalised older adults (aged 65 years and
above) and 35% -85% of patients in long term care facilities experience malnutrition
(Furman 2006). This high prevalence of malnutrition in hospitalised patients was
reiterated in 2010 (Kaiser, Bauer et al. 2010), who reported that while a third of
hospitalised older adults (38.7%) were malnourished, those in rehabilitation units were

more likely to be undernourished (50.5%) .

The National Diet and Nutrition Survey carried out in the UK on the overn65 age group
found that one in six residents of residential homes were malnourished (16 per cent of
men and 15 per cent of women). This compared with 3 per cent of men and 6 per cent of

women of similar age living at home in the community.

In summation, multiple studies note that malnutrition and being underweight are more
common in the elderly than in adults of other ages and require attention (Han-Magnus

Kvamme 2011).

2.4 Risk Factors and Causes of malnutrition in elderly

There may be several factors contributing towards poor nutritional status in this elderly
population. These include difficulties eating (for e.g. badly fitting dentures, arthritis),
(Hall & Brown, 2005), poor appetite, loneliness, social isolation, difficulties accessing and
preparing food and ill health. Identifying and managing any problems can have a

significant impact on nutritional status.

Older people are also prone to dehydration which can exacerbate dizziness and increase

risk of falls and injury.

Profound malnutrition and serious illnesses often present concurrently, and each can
accelerate the progression of the other. Multiple co morbidities i.e.Cardiovascular,
pulmonary, and neurological diseases, as well as osteoarthritis and osteoporosis, in the

older population mostly contribute to overall nutritional compromise.
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In short, causes of malnutrition include:

Reduced intake: Poor appetite due to illness, food aversion, nausea or pain when
eating, depression, anxiety, side effects of medication or drug addiction

Inability to eat: This can be due to reduced levels of consciousness; confusion;
difficulty in feeding oneself due to weakness, arthritis or other conditions such as
Parkinson’s Disease, dysphagia, vomiting, painful mouth conditions, poor oral
hygiene or dentition; restrictions imposed by surgery or investigations

Lack of food availability: poverty; poor quality diet at home, in hospital or in
care homes; problems with shopping and cooking

Impaired absorption: This can be due to medical and surgical problems effecting
digestion & stomach, intestine, pancreas and liver /or absorption

Altered metabolism: Increased or changed metabolic demands requirements
related to illness e.g. cancer; surgery, organ dysfunction, or treatment

Excess losses: Vomiting; diarrhoea; nutrient fistulae; stomas; losses from

nasogastric tube and other drains or skin exudates from burns.

Below is a list of Risk factors for malnutrition (Hickson 2006) :

Medical Factors

Poor appetite

Poor dentition, other oral problems and dysphagia

Loss of taste and smell

Respiratory disorders, for example, emphysema

Gastrointestinal disorders, for example, malabsorption

Endocrine disorders, for example, diabetes, thyrotoxicosis
Neurological disorders, for example, cerebrovascular accident, Parkinson’s
disease

Infections, for example, urinary tract infection, chest infection
Physical disability, for example, arthritis, poor mobility

Drug interactions, for example, digoxin, metformin, antibiotics, etc
Other disease states, for example, cancer

Lifestyle and social factors

= Lack of knowledge about food, cooking, and nutrition
= [Isolation/loneliness

40



Poverty
Inability to shop or prepare food

Psychological factors

Confusion
Dementia
Depression
Bereavement
Anxiety

Additional risk factors in hospital

Food service --- Sole nutritional supply is hospital food--- Limited choice---
Presentation may be poor

Slow eating and limited time for meals

Missing dentures

Needs feeding/supervision

Inability to reach food, use cutlery or open packages

Unpleasant sights, sounds and smells

Increased nutrient requirement, for example, because of infections, catabolic state,
wound healing etc.

Limited provision for religious or cultural dietary needs

2.5 Consequences of Malnutrition

Both animal and human based studies have established that malnutrition can adversely

affect virtually every organ system. The adverse outcomes of malnutrition are chiefly

related to the duration and the degree of nutritional compromise. A number of co

morbidities in the elderly have been associated with malnutrition.

Amongst the serious consequences of malnutrition on health, the salient ones include:

Increased risk to local and systemic infections
Functional decline

Delayed wound healing

Cognitive decline
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Impaired respiratory function

e Muscle weakness and depression

Delayed recovery from acute illness

Increased mortality

Kaya el al in 2010 used Mini Nutritional Assessment (MNA) to evaluate nutritional status
of 413 elderly patients and reported that poor nutritional status was associated with lower
blood haemoglobin, serum total protein and albumin, and revealed more chronic diseases
and geriatric syndromes (6 £ 2 vs. 3 £ 2, p<0.0001). It was also noted that depression,
faecal incontinence, decreased cognitive function and functional dependence was also

found to be prominent in the malnourished population (Saka, Kaya et al. 2010)

Studies have shown that the adverse outcomes of malnutrition are not merely due to the
actual disease process rather, malnutrition is an independent risk factor impacting on
higher complications and increased mortality, length of hospital stay and costs (Correia

and Waitzberg 2003, Lim, Ong et al. 2012).

In a study malnourished participants were shown to have a 3 fold increase in mortality
over a 12-month period post discharge (Middleton, Nazarenko et al. 2001). This increase
in mortality was reiterated in a subsequent study (Correia and Waitzberg 2003) which
identified a mortality rate of 12.4% in the malnourished compared to a 4.7% rate in
those with normal nutritional status (RR = 2.63). Similarly, in a recent analysis,
malnutrition was a significant predictor of overall mortality with adjusted hazard ratio

(HR) of 4.4, (95% CI 3.3¢6.0), p< 0.001 (Lim, Ong et al. 2012).

2.6 Economic impacts of malnourishment in osteoporotic population

Malnutrition in the elderly is often under diagnosed (Gariballa 2000) and when diagnosed
is often undertreated (Furman 2006). The co-existing co morbid conditions could
potentially alter energy requirements in the elderly either by increasing energy
expenditure or reducing requirements through muscle loss related to inactivity. Which

could consequently lead the actual energy needs to vary widely from calculated energy
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needs (Compher, Kim et al. 1998, Houwing, Rozendaal et al. 2003). This makes the

elderly a heterogeneous group and more difficult to assess nutritionally.

Studies have identified that the length of hospital stay of malnourished patients is 1.5-1.7
times longer than well-nourished patients (Middleton, Nazarenko et al. 2001, Correia and
Waitzberg 2003). Early recognition and treatment of malnourished hospital patients has
been proven to be cost-effective (Kruizenga, Van Tulder et al. 2005). A cross-sectional
data obtained from 469 patients attending two large public hospitals has shown that the
mean hospitalization costs for nutritionally-at-risk patients (€8435.2+ 4890.6) was more
than double of that for those not at risk (€2453.4+ 2203.6). It also suggested that the cost
of treating a nutritionally-at-risk patient could account for an increase in about 20% of

hospitalization costs (Amaral, Matos et al. 2007).

The average cost of hospitalization for malnourished was 24% higher than the well-
nourished in a recent study of 818 adults, where malnourished patients stayed in the
hospital significantly longer, were more likely to be readmitted within 15 days, and had
higher mortality up to three years post discharge (Lim, Ong et al. 2012).

In addition to this, malnourished people are more at risk of developing osteoporosis.
Osteoporotic fractures also are now considered a major public health problem. Cashman
has recently highlighted this health issue in his article while mentioning the careful
estimates that the US alone has over 10 million of population with osteoporosis with a
further 4 million more with osteopenia attributing them at increased risk towards
osteoporosis. The estimated remaining lifetime risk of fractures in Caucasian women at
age 50y, based on incidence rates in North America, is 17.5%, 15.6% and 16% for hip,
spine and forearm respectively, the remaining lifetime risk for any fragility fracture

approaches 40% in women and 13% in men (Cashman 2007).
Thus management of a malnourished osteoporotic population could collectively consume

huge economic resources enhancing the need for timely detection and treatment of these

coexisting disorders.
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2.7 Nutritional status of Irish population

In Irish Population, the third national Survey of Lifestyle, Attitudes and Nutrition (SLAN)
was conducted in 2007, following previous surveys in 1998 and 2002. In addition to the
young population it also included 1,207 older adults aged 45 years and over. It reports
that older Irish people tend to have unhealthy diets, which contributes to increased
prevalence of overweight and obesity among this age cohort (Morgan Karen, Hannah et

al. 2008).

The current nutritional status of healthy older Irish has been determined in another cross-
sectional study (Corish and Kennedy 2003). A sample of 874 people was recruited
through interest groups for the active retired. It was obtained that, in keeping with the
high prevalence of overweight and obesity in the adult Irish population, 69 per cent of
older men and 61 per cent of older women were either overweight or obese. Using a BMI
of less than 20kg/m2 to define undernutrition, the same group of investigators found that
16 per cent of all older people (in a sample of 235) compared to 14 per cent overall (a

sample of 569) fell into this group on admission to hospital.

Another study in an Irish cohort of older people has concluded that Irish recipients of
Meals-on Wheels are not receiving adequate micronutrients.(O'Dwyer, Corish et al. 2009)
Among this cohort over one-third of recipients were malnourished or at-risk of

malnutrition.
2.8 Malnutrition and Bones in the elderly

Both micronutrient and macronutrient deficiency appears to be strongly implicated in the
pathogenesis and consequences of fractures in elderly. This nutritional deficiency could
eventually increase up the age-related bone loss and also attribute to frailty. Nutrients
including certain minerals have been positively linked to bone density at total body, spine
and hip in a cross-sectional study of 670 postmenopausal Chinese women aged 48-63

years (p < 0.0) (Chen, Ho et al. 2006).
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These nutrients include inorganic minerals (e.g., calcium, magnesium, phosphorus,
sodium, potassium, and trace elements) and vitamins (A, D, E, K, C, and certain B

vitamins) and also macronutrients such as protein and fatty acids.

A detailed understanding of nutritional influences on bones is however, lacking for many
nutrients. However, a review of all these dietary factors is beyond the scope of this

chapter.

Before proceeding further it’s prudent to briefly run through The Dietary Reference
Intakes (DRIs). It is a system of nutritional guidelines developed by the Institute of
Medicine (IoM) of the US National Academy of Sciences. It comprises of a
comprehensive set of nutrient reference values for healthy populations that can be used
for assessing and planning diets (Government of Canada 2011). The current Dietary

Reference Intake recommendation is composed of:

e Estimated Average Requirements (EAR), estimated to meet the requirement of
50% of the people of each particular age group and gender based on a review of
the scientific literature.

e Recommended Dietary Allowances (RDA), the daily dietary intake level of a
nutrient considered sufficient by the Food and Nutrition Board to meet the
requirements of 97.5% of healthy individuals in each life-stage and gender group.
It is calculated based on the EAR and is usually approximately 20% higher than
the EAR

e Adequate Intake (Al), where there is insufficient evidence to determine an RDA,
an Al is set, but the amount established is somewhat less firmly believed to be
adequate for everyone in the demographic group.

e Tolerable upper intake levels (UL), to caution that excessive intake of nutrients
can be harmful in large amounts. This is the highest level of daily consumption
that current data have shown to cause no side effects in humans when used

indefinitely without medical supervision.
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Following is a table briefly outlining the anabolic nutrients essential for bone with their

required daily intake:

Table 2.1 Anabolic nutrients essential for bone with their required daily intake (Courtesy

of Dr. Susan E. Brown, PhD)

Table of 20 essential bone-building nutrients

Common therapeutic range

Nutrient Adult RDA or AI*
for bone health (daily intake)

Key minerals

Calcium 1000-1200 mg 800-1200 mg
(Ca)

Phosphorus 1250 mg 9-18 yrs 800—1200 mg
(P) 700 mg adults

Magnesium 420 mg adult males 400-800 mg
(Mg) 320 mg adult females

Chromium 30-35 mcg, adult males 200-1000 mcg
(Cr) 20-25 mcg, adult females

Silica No values set to date 5-20 mg
(Silicon — Si)

Zinc 11 mg adult males 12-30 mg
(Zn) 8 mg adult females

Manganese 2.3 mg (AI) adult males 2-10 mg
(Mn) 1.8 mg (AI) adult females

Copper 900 mcg adults 1-3 mg

(Cu) (0.90 mg)

Boron No RDA established 3-5mg
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(B)
Potassium

(K)

Strontium

Vitamin D

Vitamin C

Vitamin A

Vitamin B6

Folic

acid/folate
(vitamin B9)

Vitamin B12

Vitamins K1
and K2

Other nutrients

Fats

Protein

4700 mg adults

No RDA established

600 TU 1-70 yr
800 TU >70 yr

90 mg adult males

75 mg adult females

2997 IU adult males
2331 IU adult females

1.3—-1.7 mg adult males
1.3-1.5 mg adult females

400 mcg adults
(0.4 mg)

2.4 mcg adults

Kil:
120 mcg adult males
90 mcg adult females
K2:

No recommended intake

Should comprise minimum of 7% total calories.
General recommendation is not to exceed 30% of

caloric intake.

0.8 g/kg per day adult males and females
125-1b person =45 g

175-1b person = 63 g

56 g adult males

46 g adult females

47

4000-6000 mg

3-30 mg (supplements)

up to 680 mg (in medications)

8002000 IU and up, as needed

Oral 500-3000 mg (and upward

to bowel tolerance), as needed.

5000 IU or less

25-50 mg

400-1000 mcg
(0.4-1 mg)

150-1000 mcg

Ki:

250-1000 mcg
K2:

45-180 mcg MK-7

(menaquinone-7)

20-30% of total calories is

perhaps more ideal

1.0-1.5 g/kg



2.9 Calcium and Vitamin D for nutrition

So far, calcium and vitamin D are the most intensively researched nutrients. Research has
shown that adequate amounts of both (500 mg of calcium plus 700 IU of vitamin D3
cholecalciferol) not only attenuate the rate of bone loss with aging but also reduce the
fracture risk in both community-dwelling men n=176 and women n= 213 with age 65

years or more (Dawson-Hughes, Harris et al. 1997).

The recommended minimum 25(OH) D level by Holick et al is 50 nmol/L, but for
maximum bone health and prevention of many chronic diseases he recommends a
concentration between 78 and 100 nmol/L (Holick 2004). In 2011, the Institute of
Medicine (IOM) released a report on dietary intake requirements for calcium and vitamin
D for normal healthy persons (Ross, Manson et al. 2011). The Recommended Dietary
Allowance (RDA) of vitamin D for adults under 70 years age is 600 IU with the RDA
increasing to 800 IU after 71 years of age.

Due to Ireland’s geographical position and climate Vitamin D insufficiency affects all age
groups and is common throughout the entire Irish population as established by Hill et al
,who demonstrates a vitamin D inadequacy of 11% during the summer and 45% in winter
in all age groups (Hill, Flynn et al. 2006). DeLappe et al identify vitamin D insufficiency
(25(OH)D levels < 50 nmol/l) in 75% of elderly Irish females (DeLappe, McGreevy et al.
2006). While another group of researchers at St.James’s hospital, Dublin, report that 95%
of non supplemented elderly hospitalised Irish population have serum 25(OH) D levels
below 75nmol/l. It is also identified that standard vitamin D supplementation (typically
cholecalciferol 800 IU/day) increases serum 25(OH)D by 23.8 nmol/l(Romero-Ortuno,
Cogan et al. 2011).

Another analysis of 143 healthy Irish women receiving no supplementation or bone
modifying treatments, it is shown that 47% are vitamin D insufficient (\50 nmol/l) and
10% of subjects have 25(OH)D concentrations less than 25 nmol/l (Lardner, Fitzgibbon et
al. 2011). The prevalence of vitamin D insufficiency in Irish population and its adverse

affects on musculoskeletal and non skeletal systemic health has been recently reviewed
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by O’Malley et al thus emphasizing the timely management of this preventable and
treatable condition(O'Malley and Mulkerrin 2011).

The adjunctive use of calcium and vitamin D supplementation for reducing fracture risk

at all sites in the elderly osteoporotics has been emphasized by researchers (Kamel 2006).

Similarly, a recent qualitative systematic review of 167 appraisals has established
significant beneficial bone effects of 25(OH) D at all skeletal sites in elderly men and
women (Cranney, Horsley et al. 2007). Cranney also reports that intake of vitamin D-

fortified foods consistently increases serum 25(OH) D in both young and older adults.

However, this has been suggested that the imprecision of different 25(OH) D assays
makes it difficult to define specific thresholds of circulating 25(OH) D for optimal bone
health. Standard reference preparations are needed so that serum 25(OH) D can be
accurately and reliably measured, and validated. (Cranney, Weiler et al. 2008). Despite

this, vitamin D and calcium play a major role in the control of bone remodelling and bone

integrity.

While calcium and vitamin D are crucial nutrients for bone health, protein and other

vitamins and minerals have a role to play in this area also.

2.10 Protein requirement in the elderly

Research studies (Fukagawa and Young 1987),(Campbell, Crim et al. 1994, Campbell
and Evans 1996, Kurpad and Vaz 2000) have demonstrated that older adults require more
protein than the RDA of 0.8 grams in order to maintain nitrogen equilibrium. However,
approximately half of all women over 60 consume a diet containing less than this with

studies suggesting even higher RDA for protein ranging from 1.0 to 1.5 g/kg/day).

The report of a joint WHO/FAO/UNU expert consultation mentions that there is no
convincing evidence that the protein requirement of elderly people (per kg body weight)

is different from the protein requirement of younger adults (World Health Organization

2007) .
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This is supported by data on nitrogen balance (Campbell, Johnson et al. 2008) which
showed that the mean protein requirement did not differ between younger (2146 years)
and older (63—81 years) healthy adults: 0.61 (SD 0.14) compared with 0.58 (SD 0.12) g
protein/kg body weight per day. However, the low energy requirement of sedentary
elderly people means that the protein to energy ratio of their requirement is higher than
for younger age groups. Thus, unless the elderly people are physically active they may

need a relatively protein rich diet.

2.11 Protein Energy Malnutrition (PEM)

‘PEM is also referred to as protein-calorie malnutrition caused by an imbalance between
consumption of protein and energy (measured by calories) rendering it insufficient to
satisfy the body's nutritional needs. This imbalance causes tissue loss, in particular of

muscle tissue, with harmful functional consequences’.

PEM is highly prevalent with increasing age and has been reported worldwide.

Dietary interventions for the prevention and treatment of osteoporosis have long been
focused on calcium and vitamin D and extensive evidence is available for this.
Nevertheless other nutrients, including dietary protein which represents a key nutrient for

bone health have been relatively less well studied and controversial.

It has been estimated that protein deficiency malnutrition could be between 30%—60% in
long-term care facilities (Rudman and Feller 1989). This was reiterated by other
researchers who identified that 54% of admissions to long term care settings had PEM
(Thomas, Verdery et al. 1991). Subsequently another group of researchers reported 33%
of a Swedish population suffering PEM on admission to a community resident home (L.,

M. et al. 1999).
Constans T, has identified PEM in 4% community-dwelling elderly, 50% in hospitalized

in acute care units or geriatric rehabilitation units and 30-40% in long-term care

facilities.(Constans, Alix et al. 2000)
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Similar results are reported by the French Health High Authority who identified 4 to 10 %
in elderly persons living at home had PEM, while 15 to 38 % in those in institutional care,
and 30 to 70 % in hospitalized elderly patients suffered PEM (Raynaud-Simon, Revel-
Delhom et al. 2011).

The metabolic stress of insufficient protein intake, as well as the other co morbidities,

further impairs an older patient's overall nutritional state.

2.12 Presence of PEM in obese population

Obesity is a growing problem globally. Considerable research has focused on this
developing worldwide pandemic of obesity, including obesity among the elderly (Jenkins

2004, Popkin 2006, Jenkins, Kabeto et al. 2007)

It is associated with micronutrient deficiencies in the elderly. Despite getting sufficient
calories, the obese may have vitamin and mineral deficiencies. Katherine Tucker, director
of the Dietary Assessment and Epidemiology Research Center at Tufts University,
advocates a very high quality diet in obese elderly to maintain good nutrient status

without weight gain.

Of note, it has been established that elderly patients with concurrent obesity can often
have protein malnutrition that may be overlooked. Given the positive benefits of higher
protein intake on satiety and other physiologic functions, efforts should be undertaken to

help obese elderly patients consume the recommended amounts of protein.

2.13 Dietary Protein and Bone health in terms of fracture risk and Bone mineral

density
Dietary proteins deliver the body with the essential components for proper functioning of

living cells. They cannot be synthesized in the body and are, therefore, attainable only

through the dietary sources.
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Protein accounts for about 30% of the mass of bone tissue, making bone one of the most
protein-dense tissues in the body (Heaney 1998).Subsequently it has been demonstrated
that bone turnover is dependent on continuous dietary intake of protein (Heaney 2002)
hence, it is surprising that the role of protein intake in bone health has largely been

viewed in terms of how it may negatively influence calcium balance.

To date, many studies have assessed the relationship between bone density and protein
intake and this has been established that protein undernutrition is associated with
osteoporosis. Low protein intake possibly reflecting total dietary insufficiency, has been
associated with frailty and fractures in the elderly (Patterson, Cornell et al. 1992,
Patterson, Cornell et al. 1992).

Several studies have documented a state of energy-protein malnutrition in elderly hip
fracture patients as reviewed by Bonjour et al (Bonjour, Schurch et al. 1996).
Hospitalized patients with higher protein consumption have displayed better BMD at both
hip and spine along with enhanced bicipital and quadricipital muscle strength in a study

on 74 patients (Geinoz, Rapin et al. 1993)

Low protein and low albumin are strongly and independently associated with functional
outcome after hip fracture. In hip fracture patients in particular, protein-energy
malnutrition has been studied not only as a causative factor for fracture but also as an

outcome determinant (Bonjour, Schurch et al. 1996).

In addition, short-term studies have suggested that acute intakes of low protein can cause

a reduction of intestinal calcium absorption resulting in secondary hyperparathyroidism.

In the NHANES I survey, white women with reduced serum albumin had a higher risk of
hip fracture. Using a multiple-variable analysis, in the group with serum albumin above
the 75th percentile as reference (44 to 47g/1), it was shown that reduced serum albumin
increased the risk for subsequent hip fracture. When serum albumin was decreased to the
first percentile(>33 <40g/1) or less, the risk of hip fracture was dramatically increased by
threefold (p < 0.05, suggesting a possible threshold effect at the extremely low values
(Huang, Himes et al. 1996).
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NHANES III database utilization in a study has demonstrated that in 1882 non- Hispanic
white women 50 y old and older, after adjusting for age and body weight, a low protein
intake was associated with a significantly lower hip bone mineral density. Mean protein
intakes (g/day + SD) in each quartile were 31 £ 8, 50 + 4, 65+ 5, and 96 + 22,
respectively. A dietary protein intake in the lowest quartile (043 g/day n= 480) was
associated with a significantly reduced BMD in the femur as compared with the quartile
with the highest intake (>75 g/day n=425); P 4 0.003. Women with intakes in the second
quartile (44-58 g/day n=471) also had significantly reduced BMD values compared with
the highest quartile (P 0.028) (Kerstetter, Looker et al. 2000)

Wide-ranging epidemiological evidence suggests that when other known dietary factors
are controlled, those individuals who consume low protein diets have lower BMD
(Hannan., Tucker et al. , Geinoz, Rapin et al. 1993, Chiu, Lan et al. 1997, Kerstetter,
Looker et al. 2000), (Promislow, Goodman-Gruen et al. 2002)

Additionally, higher protein status has been allied to better health outcomes in terms of
shorter hospital stays, reduced mortality, and reduced rate of complications after a hip

fracture, and general decrease of femoral bone loss in the elderly.

Several studies have documented the benefits of using supplemental protein (20 g/day)
for hip fracture patients (Kerstetter, Looker et al. 2000). The significance of protein intake
in minimizing age-related bone loss has previously been addressed in The Framingham

Osteoporosis Study (Hannan., Tucker et al.).

Considering all, adequate protein is essential for bone growth, maintenance and renewal.

Notwithstanding, there is limited data on the positive skeletal affects of protein intake in
very elderly population. For instance, higher total protein intake was associated with a
reduced risk of hip fracture in men and women 50—69 years of age (p < 0.001), but not in
men and women 70-89 years of age. These are the findings from a state wide case-control
study in 18 hospitals in Utah with 1167 cases and 1334 controls (Wengreen, Munger et al.
2004) .
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Nonetheless, protein is a modifiable factor in osteoporosis prevention, with dietary
protein having a role in improving bone health. It has been recognized by the researchers
that proteins from various dietary sources contribute to maintain bone integrity, from
early childhood to old age. Along with calcium and Vitamin D, an adequate intake of
proteins should be recommended in the prevention and treatment of postmenopausal and

age- dependent osteoporosis (Bonjour 2005).

Sixty one studies were included in a meta-analysis carried out by Darling et al. It was
used to review the effects of protein from various dietary sources such as meat, vegetable,
soy etc, on Bone health. A positive association between protein intake and BMD, BMC,
and a reduction in bone resorption markers was identified. However, no significant effect
was found for all protein on the fracture risk reduction.(Darling, Millward et al. 2009).
This may be due to the study durations not being long enough to see effects on fracture

risk reduction which may need several months to years.

Bone mass is an important factor in the aetiology of fractures. Due to conflicting studies
of dietary protein affects on bone mass and interplay with other factors including frailty,
muscle strength and other nutrients, the exact benefits of dietary protein in reducing
fracture risk remains unclear. There are contradictory results in studies about the increase

or decrease in fracture risk on high protein diets.

Role of dietary protein on BMC and BMD was recently tested by Jesudason and Clifton
who performed a systematic review of both cross-sectional and longitudinal studies. The
overall results of this review suggested a modest beneficial association between dietary

protein and bone density (Jesudason and Clifton 2011)

2.14 Dietary supplementation with protein

Improved prevalence and outcome of PEM with nutritional supplementation has long
been substantiated in long-term care services with a weight gain in 50% and

improvement in PEM diagnostic criteria in 63% of malnourished residents (Thomas,

Verdery et al. 1991).
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It has been reported by other researchers also that nursing homes with aggressive
evaluation and treatment policies for malnutrition had lower prevalence and fewer
complications of PEM compared to nursing homes without such policies (Abbasi AA

1993)

It has been recognized that when compared with placebo, the community-dwelling
seniors supplemented with vitamins and minerals exhibit less nutritional deficiencies and
improved immune cell function (High 2001);(Chandra 2002) resulting in fewer sick days,
and less antibiotic use. Similarly, nutritionally supplemented subjects have exhibited

improved post-vaccination immune responses rather than placebo.(Chandra 2002).

Yen has suggested that nutritional supplements have additional value in the elderly with
cost-benefit analyses identifying a potential reduction in healthcare expenditures with
multivitamin supplementation (Yen 2003). Reduction in medical care consumption,
length of hospital stay, nurse visits and medication use is also identified with

multivitamin supplementation (Arnaud-Battandier, Malvy et al. 2004).

A meta-analysis evaluating 55 randomized trials of oral protein and energy
supplementation compared with placebo or control treatment in older, high-risk for

people to prevent malnutrition (Milne, Avenell et al. 2000).

It reported most studies to be of poor quality, due to lack of blinding and intent to treat
analysis. The trials evaluated supplements providing between 175 and 1000 additional
kcal/day and between 10 and 36 g protein/day. 45% subjects were hospitalized for stroke;
16 % were community-based and 10 % in long-term care facilities. Nutritional
supplementation resulted in modest improvement in percentage weight change (weighted
mean difference 1.75 %, 95% CI 1.2 to 2.3), with slightly greater weight increase in

patients at home or in long-term care.

Overall mortality was reduced in the groups receiving nutritional supplement, compared
to control, but there was no mortality impact for patients living at home and no
improvement in functional status. The greatest mortality impact was noticed in

hospitalized undernourished patients aged above 75 years, and who received higher
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calorie content supplements. Complication rates were lower for hospitalized patients who

received supplementation, but there was no change in hospital length of stay.

International evidence for oral nutritional supplements (ONS) in community-dwelling
and institutionalized elderly had been investigated in a Cochrane review. (AC, J et al.
2007). It indicated a small but consistent benefit from protein and energy oral
supplementation. A subgroup analysis showed a nearly statistically significant decrease in

mortality in undernourished groups who received supplementation.

Thus, extensive evidence has been offered that nutritional support is cost-effective,

particularly in terms of hospital and nursing care.

2.15 Disagreement about anabolic bone effects of Dietary Protein

While several studies demonstrate that adequate protein supplementation is required to
attenuate bone loss or maintain BMD, Some data also contradicts this (Anderson,

Rondano et al. 1996, Sellmeyer, Stone et al. 2001, Campbell and Tang 2010).

Therefore, the relations of dietary protein intake with BMD and bone loss in
postmenopausal women and the elderly, who have the highest risk of developing

osteoporosis, still remain very unclear.

2.16 Relationship between dietary protein, Calcium, and bone

It has been considered that dietary protein leaches calcium from the skeleton leading
towards osteopenia. Studies also suggest that protein intake influences urinary calcium
excretion to such an extent that for each 50-g increment of protein consumed, an extra 60

mg of urinary calcium is excreted.

Arguments therefore exist that if uncompensated, excessive protein, particularly animal
protein, is deleterious to bone. Many researchers concur with this as increase dietary

intake of protein is associated with hypercalciuria. One of these researchers reports that

56



the rate of calcium excretion exceeds calcium absorption in individuals with

hypercalciuria, reflecting a net loss of total body alcium (Bushinsky 2002).

Theoretically, this could lead to negative calcium balance, increasing parathyroid
hormone (PTH) secretion and further loss of calcium (Ca) through skeletal source. On the
other hand there is evidence that dietary protein has more favourable outcomes in the
presence of calcium adequacy (>1000mg/day) in terms of total body bone mineral
content, net gain in total body bone mineral content and total body bone mineral density
(p <0.05) (Vatanparast, Bailey et al. 2007). This suggests that dietary protein works more

effectively in presence of calcium sufficiency.

A research group at Yale University and the University of Connecticut has realized that
dietary protein actually causes a significant improvement in body’s efficiency to absorb
calcium from the diet. In this kinetic study using dual stable calcium isotopes, the high
protein diet (2.1 g/kg/day) in comparison with the moderate protein diet (1.0g/kg/day)
increased the body’s ability to absorb calcium from the diet by more than 35%. It also
caused a reduction in urinary calcium of bone origin in high protein consumers. Also no
protein-induced detrimental effects were noticed on the skeleton in cases where no net
difference in bone mineral mass were observed between levels of protein intake, however

there was a trend toward reduced bone turnover (Kerstetter, O'Brien et al. 2005).

These researchers concluded that the hypercalciuria with high protein consumption that
had troubled prior investigators was primarily due to the increased calcium absorption
from the intestinal tract, and was not due to increased bone turnover. Instead, the body

was simply eliminating, through the urine, some extra calcium it had absorbed.

Similar findings have been recently reported by other researchers concluding that
increased dietary protein improves calcium absorption particularly when the dietary
calcium level has been low (Hunt, Johnson et al. 2009); and it also consequently induces

hypercalciuria as a compensatory mechanism.

Subsequently, a 15 week controlled study has attained that a high protein diet (118g/day)

in a group of postmenopausal women n= 16 had increased their calcium absorption
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without altering their bone formation and resorption markers. In addition to it, an
increase in IGF-I (P < 0.0001)combined with a reduction in serum PTH concentrations (P
<0.001) in the same group uncovered the beneficial effects of protein on bone health

(Cao, Johnson et al. 2011).

2.17 Relationship between dietary protein, acid, and bone

Since, it has been hypothesized that the high endogenous acid load of a high-protein diet
is partially buffered by bone, leading to increased skeletal resorption; therefore, this extra
calcium in the urine comes from the bones. This theory has traditionally been the base for
the well quoted term ‘acid ash’ (Wachman and Bernstein 1968) . Acid ash promotes that
the increased prevalence of osteoporosis with aging in the contemporary cultures
consuming acidic meat diets is due to ° the life-long utilization of the buffering capacity
of the basic salts of bone for the constant assault against PH homeostasis’. This presumes
that a protein diet is detrimental to skeletal health by creating a long term low-grade

metabolic acidosis.

As mentioned earlier, various studies have highlighted the enhanced effect of dietary
protein on total body BMC and BMD particularly with adequate calcium intake
(Vatanparast, Bailey et al. 2007). Interestingly, concerns have been raised previously that
the favourable bone effects of calcium supplements are not just through the additional
mineral that they supply but also (and possibly more so) through their provision of
additional alkali salts such as citrate (New and Millward 2003)

The different concepts behind the negative bone effects of protein and evidence
supporting the same has been discussed in detail and finally rejected in a recent review by
Jean-Philippe Bonjour, MD who has revealed that the difference in renal acid excretion
observed in response to variations in protein intake represents a normal homeostatic
response. The renal tubule is extraordinarily well equipped in terms of both bicarbonate
reclamation and proton secretion machinery to deal adequately with diets supplying

various amounts of alkali and acid (Bonjour 2005).
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In an analysis of 161 postmenopausal women, the dietary intakes of sulphur containing
amino acids, protein and minerals were assessed (Thorpe, Mojtahedi et al. 2008). Areal
BMD (aBMD) at the lumbar spine and total hip as measured. Increasing dietary protein
was positively associated to aBMD of the lumbar spine (p0.04) and total hip (p 0.04) of
postmenopausal women but this benefit was suppressed at the lumbar spine by a negative

association of sulphur from amino acids at the lumbar spine.

While suggesting that non sulphur containing amino acids are beneficial to bone, this
analysis also concluded that any study evaluating the association between protein intake
and bone mineral status without controlling for actual sulphur content of protein may

observe no significant correlation despite real positive and negative protein effects.

Therefore, it recommends that future <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>