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Summary

In the past decade considerable advances have been made in both the
investigation and treatment of various disorders of bone and calcium
metabolism. The progress in investigative techniques has taken place in many
different directions including biochemical evaluation, parathyroid imaging and
bone densitometric measurement. Advances have also taken place in therapeutics
with, in particular, the introduction into clinical practice of the bisphosphonates.
These drugs are potent inhibitors of bone resorption and are therefore potentially
useful in conditions where bone resorption is increased such as in most cases of

hypercalcaemia, Paget's disease of bone and some cases of osteoporosis.

Accurate evaluation of serum parathyroid hormone (PTH) concentrations and
parathyroid hormone-like activity by use of indirect biochemical indices such as
nephrogenous cyclic adenosine monophosphate (NcAMP) and renal tubular
threshold for phosphate reabsorption (TmPO4), led to the discovery that in many
instances cancer-associated hypercalcaemia is due to the production by the
tumour of a factor with PTH-like activity. This, in turn, led to the identification
of this factor as PTH-related protein (PTHrP), a peptide with significant

structural homology to PTH itself.

It has generally become apparent that PTHrP driven hypercalcaemia is more
common in the presence of squamous cancer whereas hypercalcaemia due to
direct invasion of bone by lytic metastases is more common in conditions such as
myeloma. Traditionally breast cancer-associated hypercalcaemia has been
considered to be due to direct metastatic invasion of bone, though more recent
evidence suggests that humoral factors, such as PTHrP, may also play a
significant role. A retrospective analysis of 20 patients with breast cancer-

associated hypercalcaemia was carried out (chapter 3.1). This study indicated



that on the basis of elevated levels of urinary cAMP (UcAMP) excretion and/or
depressed TmPO4 (in the presence of undetectable serum PTH), hypercalcaemia
associated with the presence of a PTH-like factor was present in between 45-

60% patients.

Recent evidence has suggested a number of potential physiological roles for
PTHrP. One such example is in the active transfer of calcium into milk in the
breast and the active transfer of calcium from mother to fetus in pregnancy by an
action at the placenta. In the physiological situation, where PTHrP and PTH
concentrations are likely to be within the normal reference range, it is unlikely
that measurement of UcCAMP, NcAMP or TmPO4 will give accurate indication
of plasma PTHrP concentrations. In this context direct measurement of PTHIP is
essential. A prospective study of 10 normal women through pregnancy (chapter
3.2) showed that plasma PTHrP concentrations rise throughout pregnancy
reaching their highest concentration around term. Thereafter levels continue to
rise into the puerperium. PTHrP levels during pregnancy correlated closely with
serum alkaline phosphatase (ALP) concentrations suggesting a placental source
to this PTHrP. Post-partum, however, it is likely that the continued rise in PTHrP
was due to the onset of lactation and production of PTHrP by the breast. As
expected, concentrations of NcAMP did not change significantly during the

period of study.

The importance of the vitamin D/PTH axis has been known for a number of
years. The availability of precise and accurate biochemical assays for 1,25-
dihydroxyvitamin D3 (1,25(OH)2D3) (the principal active metabolite of vitamin
D3 in man) and intact PTH(1-84) has allowed detailed investigation of their
inter-relationship in vivo. 1,25(OH)2D3 and other active metabolites of vitamin
D3 such as 1a-hydroxycholecalciferol (alfacalcidol) have recently been used

therapeutically in the treatment of hypocalcaemia (including that associated with

21
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hypoparathyroidism), osteoporosis and renal osteodystrophy. Recent evidence
has suggested an advantage in using these drugs by intravenous routes such that
significant PTH suppression may be achieved though not at the expense of the
development of hypercalcaemia. The acute (first 24hours) effect of intravenous
administration of alfacalcidol upon serum concentrations of 1,25(OH)2D3, PTH
and osteocalcin was studied prospectively in 6 normal males, 6 patients with
primary hyperparathyroidism (PHPT) and 6 women with osteoporosis (chapter
3.3). Significant increases in serum concentrations of 1,25(OH)2D3 were seen in
each group 2-3 hours after administration of alfacalcidol. The increase in
1,25(0OH)2D3 observed was greatest in those patients with PHPT. In the first 24
hours after administration, suppression of PTH concentrations or elevations in
serum concentration of osteocalcin were not observed. This would suggest that
changes normally seen in the longer term with these parameters are effected via

changes in hormone synthesis rather than secretion.

The introduction of dual-energy X-ray absorptiometry (DXA) in the late 1980's
allowed more accurate and precise measurement of bone density at both the
lumbar spine (L2-4) and neck of femur - both sites where osteoporotic fractures
are relatively common and may be associated with significant morbidity or, in
the case of neck of femur, mortality. DXA has the advantages of faster scan
times than was possible with dual-photon densitometry, and lower exposure to
ionising radiation. This technique has a precision of generally <1% at L2-4 and
an accuracy of <2%. This, therefore, allows cross-sectional studies to evaluate
bone density in a number of situations. Examples of this are described in chapter

4.1 and 4.2.

The association of diabetes mellitus with osteoporosis has been suggested for
many years, however the evidence for this remains inconclusive. In chapter 4.1,

L2-4 and neck of femur bone densities were measured in 20 premenopausal
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females with type I diabetes mellitus and 27 age-matched controls. Results
showed that L2-4 bone density was significantly higher in the diabetic patients,
though no change was noted in the neck of femur densities. Serum ALP and
urinary excretion of hydroxyproline were also measured in these subjects as
biochemical markers of bone formation and resorption respectively and were
both significantly elevated in the diabetic patients indicating the presence of a

high bone turnover status.

Following the unexpected presentation of two young men suffering from severe
haemophilia A with, in one case, vertebral compression fractures and, in the
other, a neck of femur fracture, a similar study was carried out in a group of 19
males with severe haemophilia (chapter 4.2). This showed that patients with
haemophilia had significantly lower bone densities than age/sex matched
controls. In addition though serum testosterone levels were significantly higher
in the haemophiliac patients, sex hormone binding globulin was also
significantly elevated meaning that these patients had a reduced free androgen

index and relative hypogonadism.

Although the value of routine pre-operative imaging remains controversial in
primary hyperparathyroidism (PHPT), considerable advances have been made in
the technologies available. In chapter 5.1, a comparison was made between the
two most widely used methods of parathyroid imaging in the UK - 10MHz
ultrasound (US) and 201-thallium/99m-technetium (Tl/Tc) subtraction scanning.
These two techniques were compared prospectively in 25 patients with PHPT.
Results showed poor sensitivities with both techniques (38-42%), though
specificities were significantly better (89-97%). The low sensitivities of these

techniques means that their routine preoperative use cannot be justified.



An attempt was made to improve the sensitivity of Tl/Tc scanning in chapter 5.2
by augmenting PTH secretion by infusing the calcium chelating agent, trisodium
edetate. Six patients with PHPT and previous normal T1/Tc scans were studied.
In three instances the repeat T1/Tc scan carried out after infusion of trisodium
edetate was positive. Two of these patients went on to surgery and in each
instance a parathyroid adenoma was found at the site corresponding to the scan

abnormality.

With the introduction of the bisphosphonates into clinical practice considerable
improvements have been seen in the management of many different conditions.
The bisphosphonates are potent inhibitors of osteoclastic bone resorption and
have been shown to be effective in the treatment of various types of

hypercalcaemia - including that associated with cancer.

Pamidronate is the most potent of these drugs currently licensed for use in the
UK. The optimum treatment schedule in cancer-associated hypercalcaemia is,
however, not yet defined. Chapter 6.1 describes a comparison between a single
intravenous infusion of high (90mg) and low (30mg) dose pamidronate. This
study showed that, on average, there was no difference between these two
regimens, though there was a suggestion that in those patients where there was
evidence of tumour production of a PTH-like factor, the response to pamidronate
was less good. This was explored further in chapter 6.2 where a retrospective
analysis of results from 35 patients with cancer-associated hypercalcaemia
treated with three different doses of pamidronate (30mg, 45mg and 90mg) were
reviewed. Results showed that where NcAMP was elevated or TmPO4 reduced
prior to pamidronate therapy, the fall in serum calcium was less pronounced,

with normocalcaemia unlikely to be achieved.
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Studies investigating therapies for cancer-associated hypercalcaemia usually use
serum albumin adjusted calcium for monitoring purposes. Since other factors
might potentially alter the usual close relationship between ionised and albumin
adjusted calcium, both these parameters were measured prospectively in 8
patients with cancer-associated hypercalcaemia treated with pamidronate
(chapter 6.3). While there was some variation in the relationship between these

two parameters, this was slight and unlikely to be of major clinical significance.

On the basis of the evidence presented in chapters 6.1 and 6.2, pamidronate
might be expected to be particularly effective where PTH-like factors are not
involved in the pathogenesis of hypercalcaemia. Chapter 6.4 describes the effect
of intravenous pamidronate on 5 patients with immobilisation-related
hypercalcaemia. As expected, since PTH-like factors are not involved in the
pathogenesis of this condition, these patients respond particularly well even to

very low doses of pamidronate.

Pamidronate is also effective in other conditions where bone resorption is
frequently increased such as Paget's disease of bone and corticosteroid-
associated osteoporosis. Definitive dose regimens with pamidronate in either of
these settings, however, have yet to be established. A prospective study of 45
patients with Paget's disease treated with either weekly or 3 monthly infusions of
pamidronate is described in chapter 7.1. This showed that 3 monthly infusions, at
equivalent total dose, are likely to be as effective as weekly treatment.
Furthermore, it was apparent that patients with more severe disease required a
higher total dose of pamidronate suggesting the existence of a dose/response

effect.

Chapter 7.2 describes the effect of intermittent (3 monthly) infusions of

pamidronate on corticosteroid-associated osteoporosis. This study showed
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significant increases in spinal L2-4 density (measured by DXA) and significant

reduction in bone turnover as noted by a fall in serum ALP and urinary HP/Cr.

Altogether these studies illustrate how advances in the investigation and
management of metabolic bone disease and disturbances of mineral metabolism

have been effected in recent years.



CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW
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1.1 Disorders of Bone and Calcium Metabolism

1.1.1 Introduction

Bone is a complex living tissue whose structural strengths rely upon the presence
of a mineralised extracellular matrix. The presence of normal bone formation and
resorption are crucial to normal bone physiology and disruption to these

processes constitute the general descriptive heading of "metabolic bone disease".

Hypercalcaemia or hypocalcaemia may occur when alterations in calcium flux
occur at the gastrointestinal tract, kidney or bone. Calcium continuously enters
the extracellular fluid from gut and bone, however serum calcium concentrations
are maintained within remarkably tight limits due largely to the effects of
parathyroid hormone (PTH) and 1,25 dihydroxycholecalciferol
(1,25(0OH)2D3)(1,2).

1.1.2 Calcium homoeostasis - role of Gl tract

The net daily absorption of calcium from the gastrointestinal tract to the
extracellular fluid is approximately 300mg (7.5mmoles). In order to be
absorbable calcium must be both soluble and in ionised form (3). A variety of
factors are known to affect the availability of calcium in the intestine. Phosphate,
phytate and oxalate, for example will decrease calcium absorption (4) whereas
carbohydrates such as lactose will lead to an increase (5). The availability of
dietary calcium in itself is of importance as the efficiency of absorption is
increased when dietary calcium is low (6). The main hormonal influence on
dietary calcium absorption is the presence of vitamin D. The earliest evidence for
this came from studies on rickets in both animals and man in the 1920s (7). In the

1950s it was demonstrated that calcium was absorbed by an active transport
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mechanism across the gastrointestinal mucosal cells (8) and that this was under
the control of vitamin D (9). It has more recently become apparent that vitamin
D does not in itself have a direct effect on calcium absorption, but it must first be
metabolised to 1,25(OH)2D3 (10) which is the metabolite with the greatest
efficacy in stimulating calcium absorption. In conditions where 1,25(OH)2D3
levels are low, for example due to chronic renal failure (11) or dietary
deficiency, calcium malabsorption and hypocalcaemia may occur (12). Other
calciotrophic hormones such as PTH and calcitonin do not appear to have any
direct effects on the control of calcium absorption (13), though PTH may have an
indirect effect by increasing 1,25(OH)2D3 concentrations by stimulating the 1o.-

hydroxylase enzyme (14).

Drugs are also of considerable importance in calcium absorption. It has been
demonstrated that calcium absorption is directly inhibited by corticosteroids (in
spite of normal 1,25(OH)2Ds3 levels) (15), neomycin (16), and bisphosphonates
7).

Subject age is also important as in man there is a progressive decrease in calcium
absorption with advancing age as shown by balance studies and radiocalcium
absorption (18). Part of this malabsorption, however, is probably due to vitamin

D deficiency from poor dietary intake or reduced endogenous synthesis.

1.1.3 Calcium Homoeostasis - Role of the Kidney

Calcium excretion is regulated by a combination of glomerular filtration and
tubular reabsorption, the calcium in the urine being the fraction of the filtered
load which is not reabsorbed. Work by McLean and Hastings in the 1930s
(19,20) showed that approximately 50% of calcium in serum is in ionised form, a

further 10% is ultrafilterable but ligand bound with the remaining 40% being



protein bound - mainly to albumin. Only 60%, therefore, of total serum calcium
can be filtered and excreted by the kidney. In an average adult 10000mg calcium
cross the glomerulus each day and 98% of this is reabsorbed in the renal

tubules (21).

Glomerular filtration would appear mainly to depend on renal blood flow. When
this is reduced as happens, for example, in hypercalcaemic states secondary to

dehydration (22), calcium clearance is reduced.

The majority of calcium filtered by the glomerulus is reabsorbed by the tubules.
Approximately 65% is reabsorbed in the proximal tubules and is not under
hormonal regulation, 20-25% is reabsorbed in the ascending limb of the loop of
Henle and 10% in the distal tubules (23). Calcium is reabsorbed by an active
transport mechanism in the proximal tubule closely linked with sodium (24).
This association is of critical importance with respect to net serum calcium
levels, as when dehydration occurs sodium is conserved by an increase in
proximal tubular reabsorption. Since calcium reabsorption accompanies sodium
reabsorption dehydration may potentiate hypercalcaemia. The mechanism of
calcium reabsorption at the loop of Henle is unclear, though this is the site where
thiazide diuretics act to promote calcium reabsorption (25). Calcium reabsorption
is more closely controlled at the distal tubules where it is under the control of

PTH (26) and possibly also vitamin D (27).

The kidney is also the principal site of synthesis of 1,25(OH)2D3 (10) - the major
active metabolite of vitamin D. Abnormalities of 1,25(OH)2D3 metabolism are
commonly found in association with chronic renal failure (28). In this situation
circulating levels of 1,25(OH)2Ds3 are generally low and secondary
hyperparathyroidism is common (29). Oral 1,25(OH)2D3 therapy has been

successfully used to suppress this excess PTH secretion, but the doses required
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are generally associated with the development of hypercalcaemia (30). It has
been noted, however, that more adequate PTH suppression can be achieved
without this concomitant rise in serum calcium when 1,25(OH)2Ds or 1o
hydroxycholecalciferol (alfacalcidol) is given intravenously rather than orally

(31).

Calcium balance studies have shown that the kidney has considerable reserve in
calcium excretion, as in order to increase serum calcium by 0.1mmol/l, Smmol of
calcium would have to be released from bone. Measurement of calcium balance
in normal individuals has shown that 1-2mmol of calcium/day may be released
from bone (32,33) which only rises to levels of 5-10mmol/day in conditions such
as myeloma and metastatic breast cancer (34) - conditions commonly associated
with hypercalcaemia. Thus, in the presence of normal renal function, increases in
bone resorption of up to 10 fold would not be expected to cause hypercalcaemia.
This is illustrated by the fact that hypercalcaemia is extremely rare in benign

disorders associated with increased bone resorption (35).

Many different hormones are now known to influence the urinary excretion of
calcium either directly or indirectly. Patients with primary hyperparathyroidism
have been shown to have reduced clearance of calcium relative to that in normal
subjects with similar serum calcium levels - due to increased tubular
reabsorption of calcium (36). Corticosteroids are associated with increased
urinary calcium losses as demonstrated both in Cushing's syndrome (37) and
with administration of exogenous steroids (38) - probably due to inhibition of
tubular calcium reabsorption (39). Oestrogen administration has also been shown
to decrease urinary calcium losses though this is mainly due to inhibition of bone

resorption leading to a subsequent decrease in the filtered load of calcium (40).
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Peacock and Nordin (2,36) have suggested that in steady state there is a
curvilinear relationship between urinary calcium excretion (CaE) and serum
calcium (figure 1.1) such that as gut calcium absorption and bone resorption
increase changes in renal calcium excretion will determine the eventual serum
calcium level reached. For any given level of serum calcium, if CaE lies to the
left of the line defining the normal range this implies a decrease in renal tubular
calcium reabsorption. This is seen, for example, in hypoparathyroidism.
Conversely if CaE is to the right of the line defining the normal range this
implies is an increase in calcium reabsorption. This is seen, for example, in
hyperparathyroidism. Calcium kinetic studies using radioisotope tracers have
measured gut absorption and bone calcium resorption and compared these to
urinary calcium excretion (41). Assuming net gut calcium absorption in the
fasting state is negligible, then under these circumstances calcium excretion -
expressed as a ratio of urinary calcium to urinary creatinine - probably equals the

net skeletal loss of calcium i.e. bone resorption.

1.1.4 Calcium Homoeostasis - Role of Bone

The prime role of bone in calcium homoeostasis is to act as a reservoir of
calcium which may be used when gut absorbed calcium is insufficient to

maintain serum calcium.

Parathyroid hormone has an important role in mobilising calcium from bone by
stimulating osteoclastic bone resorption. The main target cell for PTH in bone is
the osteoblast and increased resorption probably occurs by local paracrine
signalling between the osteoblast and osteoclast (42). The effects of PTH on
bone resorption may also depend, at least in part, on the presence of
1,25(OH)2D3 (43). This bone remodelling system, though, is unlikely to be of

major importance in calcium homoeostasis as long as bone formation and
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Relationship between urinary calcium excretion (umol/litre glomerular filtrate)
and serum calcium. Dotted lines indicated two standard deviations from the

mean values obtained by Peacock et al.(36) in normal subjects during calcium

infusions.



resorption remain coupled. When a pathological condition uncouples these
processes, such as if bone resorption is increased in association with cancer (34)

or immobilisation (44), hypercalcaemia may then ensue.
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1.2 Cancer-associated hypercalcaemia

1.2.1 Differential Diagnosis

The most common cause of hypercalcaemia, certainly in hospital based studies,
is that associated with the presence of cancer with an estimated incidence of
approximately 150 new cases per million persons per year in the UK(45,46,47).
The main differential diagnosis is from primary hyperparathyroidism with both
this and cancer-associated hypercalcaemia making up approximately 90% of
cases of hypercalcaemia (48). With the advent of highly sensitive and specific 2-
site immunoradiometric assays for PTH, distinction between these two causes of
hypercalcaemia has become easier with PTH low or undetectable in cancer-
associated hypercalcaemia and elevated in primary hyperparathyroidism (49).
Where PTH is low or undetectable other differential diagnoses to consider
include: hyperthyroidism (50), immobilisation (51), sarcoidosis (52), vitamin D
intoxication (53), milk-alkali syndrome (54), use of thiazide diuretics (55) and
benign familial hypercalcaemia (56). Usually in these situations other clinical
features alert one to the diagnosis with the possible exception of benign familial

hypercalcaemia, where a high index of suspicion is required.

1.2.2 Pathogenetic Mechanisms

The mechanisms responsible for cancer-associated hypercalcaemia are
heterogeneous and depend, to a significant extent, upon the type of malignancy
present. In general terms two mechanisms are cited in the pathogenesis of this
syndrome. Firstly, direct local invasion of bone by tumour cells leads to release
of calcium into the blood at a rate exceeding the maximal rate of renal calcium
excretion (35,57,58). Secondly, the tumour itself may produce a factor (or

factors) which may act directly upon the bone to increase osteoclastic resorption
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and/or at the kidney to increase renal tubular calcium reabsorption (59,60) - this
mechanism has become known as humoral hypercalcaemia. It has become clear,
however, that both mechanisms are of importance, though to a greater or lesser
extent, depending both upon the tumour type (61) and the clinical progression of
the hypercalcaemia (62). Humoral hypercalcaemia is more common with solid
tumours such as bronchial carcinoma (58) and hypercalcaemia due to direct
invasion of bone more likely with haematological malignancies such as myeloma

(58) and carcinoma of breast (58,63).

As described in section 1.1.3 the kidney has considerable reserve to increase
urinary calcium excretion until bone resorption is greatly elevated. Histological
evidence has suggested that there is "uncoupling” of bone resorption and
formation in cancer-associated hypercalcaemia (62) leading to a net loss of
skeletal calcium into the extracellular fluid. Furthermore renal impairment is
more likely, as these patients are more prone to vomiting and decreased fluid
intake both associated with the tumour itself, or if treatment with chemotherapy

and/or radiotherapy is used (58).

It appears that in some cases of cancer-associated hypercalcaemia, there is a
combination of dehydration and increased bone resorption, such that the release
of calcium from bone exceeds the renal capacity for calcium excretion and serum
calcium rises. PTH secretion is therefore suppressed, renal tubular calcium
reabsorption falls (36) and release of skeletal calcium from bone surfaces is
reduced (64). In addition 1,25(OH)2D3 synthesis is reduced and intestinal
calcium absorption is reduced (65). These homoeostatic mechanisms, however,
may only partially compensate and hypercalcaemia ensues. Severe
hypercalcaemia in itself is associated with a reduction in renal blood flow and
GFR (22). Furthermore, tubular abnormalities occur leading to further loss of

sodium and water (66) exacerbating the dehydration and a metabolic alkalosis
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may occur (67). A vicious circle then exists with worsening hypercalcaemia due
to sodium linked calcium reabsorption at the proximal tubule (24) and further

impairment in GFR.

1.2.3 Potential Humoral Mediators

In 1941 Albright suggested the possibility that cancer-associated hypercalcaemia
may be attributed to ectopic PTH production when describing a patient with
renal cancer, a raised serum calcium and low serum phosphate (68). Further
evidence for this appeared in the 1960's when the first radioimmunoassays for
PTH became available. Studies showed elevated levels of PTH in a group of
patients with bronchial cancer (69) and in other non-parathyroid tumours (70).
The presence of PTH was also demonstrated in tumour cells by
immunohistochemical techniques (71). Lafferty, in 1966, (72) used the term
pseudohyperparathyroidism to describe a series of 50 patients with these
biochemical features. In this work he commented on the frequency of squamous
and genitourinary cancers and the relative paucity of breast and haematological
cancers in these patients. However, as the radioimmunoassays for PTH began to
improve some doubt began to emerge about the involvement of PTH in cancer-
associated hypercalcaemia. Powell et al.(73), in 1973, demonstrated that tumour
extracts from several patients with humoral hypercalcaecmia were capable of
resorbing bone in vitro although serum PTH from these patients was consistently
undetectable. It is now generally accepted that hypercalcaemia caused by ectopic
PTH secretion by a tumour is exceedingly rare, and has only been convincingly

described on two occasions (74,75).

The biochemical similarity of this syndrome to primary hyperparathyroidism,
however, extended beyond an elevated plasma calcium and lowered plasma

phosphate. Nephrogenous cyclic adenosine monophosphate (NcCAMP) is that



fraction of cyclic adenosine monophosphate generated and excreted by renal
tubular cells and is produced almost exclusively in response to circulating PTH
in normal man (76). NcAMP, therefore, provides an index of biologically active
PTH or PTH-like peptides. Since cancer-associated hypercalcaemia is generally
associated with low or undetectable PTH and NcAMP is often elevated in this
syndrome, (77,78,79) this was further evidence for the existence of a factor
which was not PTH but which had PTH-like activity. Other features normally
found in association with excess PTH secretion were also described in
association with hypercalcaemia of malignancy such as decreased renal tubular
threshold for phosphate reabsorption (TmPO4) and elevated threshold for renal
tubular calcium reabsorption (TmCa) (80,81), though this latter index was shown

to be highly dependent on renal sodium handling (82).

The presence of these features of PTH excess in the absence of detectable serum
PTH led to the search for another factor which was not PTH but had PTH-like
properties, was produced by a number of malignant tumours, would resorb bone
and would cause hypercalcaemia. This search ended in 1987 with discovery of
PTH-related protein (PTHrP) in a lung cancer (BEN) cell line. This protein has
been isolated and its complementary DNA (cDNA) cloned and its gene mapped
and isolated (83,84). The PTHrP gene is a complex transcriptional unit that by
alternative splicing gives rise to messenger RNAs (mRNAs) encoding three
related PTHrPs which differ only in their C-terminal regions. The initial peptide
to be cloned was a 141 amino acid peptide in which 8 of the first 13 (N-terminal)
amino acids were identical to PTH - this conserved sequence being common to
all forms of PTHrP. After this N-terminus sequence, the homology with PTH is
less striking with only 5 of the following 50 amino acids identical. Since this
peptide was cloned, others which have been identified include 1-139 and 1-173

amino acid peptides (85,86).
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PTHIP has been demonstrated to be of both similar (87) and increased potency
(88) in terms of cAMP production compared to PTH in various in vitro systems.
It is likely that differences in potency reflect both species differences and
differences in the lengths of the peptides tested (89). PTHrP has now been found
to be present both within the tumour cells (90) by immunocytochemistry and in
the serum of patients with humoral hypercalcaemia (91,92). In addition to being
produced by malignant tumours PTHrP has been found in normal keratinocytes
(93), lactating mammary tissue (94), placenta (95), parathyroid glands (96) and
central nervous system (97) - all of which would suggest that this protein has a

physiological role.

Whether or not the presence of PTHrP by itself explains all the manifestations of
humoral hypercalcaemia has been questioned. Certainly, compared with PTH,
osteoclastic bone resorption is more marked, bone formation rates are lower,
1,25(OH)2Ds levels are lower and the calcium lowering effect of
bisphosphonates in such patients greater and more sustained than in primary
hyperparathyroidism. Furthermore patients with humoral hypercalcaemia tend to
be alkalotic rather than acidotic as is seen in primary hyperparathyroidism (67).
It is possible, therefore, that in malignancy the effects of PTHrP are modified by
the presence of other factors such as tumour necrosis factor (TNF), interleukin-1
(IL-1) or transforming growth factor (TGF) - all of which are more potent bone
resorbing factors than PTH and are often produced by tumours (98,99,100).
There is also some evidence that tumours may produce another factor which
interferes with renal 1-alpha hydroxylase activity and explains the low
1,25(0OH):2Ds levels often seen in patients with cancer-associated hypercalcaemia
(101). The differential effect on renal bicarbonate handling appears to be effected
via an independent action of a component of PTHrP beyond amino acids 1-34

(102).
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Prostaglandins were first suggested as playing a role in the aetiology of this
syndrome after the demonstration that they possessed potent bone resorbing
activity in vitro (103). Raised levels of prostaglandin E2 and prostaglandin F
were later found in tumour tissue from a patient with hypercalcaemia and renal
adenocarcinoma (104) which seemed to respond to indomethacin therapy. Other
workers, however have failed to confirm that prostaglandin synthetase inhibitors
such as indomethacin have a significant calcium lowering effect in cancer-

associated hypercalcaemia (105).

Cytokines such as interleukin-1 (IL-1) and tumour necrosis factor (TNF) have
both been shown to increase bone resorption in vitro and may cause
hypercalcaemia in animal models, however their role in human cancer-associated

hypercalcaemia remains uncertain (106,107).

Abnormalities of 1,25(OH)2D3 production have also been described in
association with hypercalcaemia of malignancy. Generally serum levels of
1,25(0OH)2Ds3 are suppressed (65) with the exception of hypercalcaemia

associated with lymphoma where levels may be elevated (108).

1.2.4 Management

Moderate hypercalcaemia (adjusted calcium 3.00-3.50mmol/1) is associated with
a number of symptoms including polyuria, polydipsia, nausea, vomiting, lethargy
and fatigue. CNS symptoms in the form of drowsiness, confusion and coma
predominate in severe hypercalcaemia (calcium >3.50mmol/l), and may lead
ultimately to death. In a recent review Ralston et al.(109) showed that efficient
treatment of cancer-associated hypercalcaemia, with a reduction in serum
calcium to below 2.80mmol/], was associated with a marked improvement in

symptoms and, in addition, more of these patients were able to be discharged



from hospital. The ideal treatment is that targeted specifically against the primary
tumour i.e surgical resection or chemotherapy. Since this is not always feasible

palliative, symptomatic treatment is often necessary.

As discussed in 1.1.3, patients with hypercalcaemia are usually dehydrated
(22,66) and therefore rehydration is the first line in therapy. In most
circumstances isotonic (0.9%) sodium chloride should be used since any measure
that induces natriuresis will also induce calciuresis since tubular sodium and
calcium reabsorption are linked (24). Detailed studies on the effects of
rehydration have been carried out by Hosking et al.(110) who estimated an
average sodium deficit of 500mmol in patients with cancer-associated
hypercalcaemia. When this deficit was replaced with 4-8 litres of saline over 48

hours a mean decrement in serum calcium of 0.4mmol/l was seen.

The first effective pharmacological treatment for hypercalcaemia was inorganic
phosphate which was first described in 1930 (111), and results of the effects of
phosphate in a series of patients with cancer-associated hypercalcaemia was
published in 1966 (112). Although this treatment was reasonably effective side-
effects such as acute renal failure and extraskeletal calcification proved
unacceptable (113,114), and phosphate, therefore, should be reserved solely for

life-threatening episodes where standard therapies have failed.

Corticosteroids have been used for many years with variable success (115,116),
however they cannot be recommended for routine use (117). It does appear,
though, that some tumours are especially sensitive to corticosteroids such as

haematological malignancies and tumours of the lymphoreticular system.

Mithramycin is a cytotoxic agent which has been shown to have a significant

anti-hypercalcaemic effect (118). The main limitation in the use of mithramycin



41

in this setting is the high incidence of serious side effects which include a
coagulopathy, liver function upset - occasionally leading to massive hepatic

necrosis and upset in renal function (119,120).

Calcitonin has been shown to be an effective agent in the treatment of cancer-
associated hypercalcaemia (121,122). The mechanism of action of calcitonin is
thought to be a combination of inhibition of osteoclastic bone resorption and the
presence of a powerful natriuretic and calciuretic action (121,123). Although
calcitonin may be an effective agent, a significant number of patients are either
resistant or gain only transient benefit (121). The short duration of action of
calcitonin has been ascribed to "down regulation” of the calcitonin receptors
(124). By combining calcitonin with corticosteroids this "escape” phenomenon

appears to be, at least partially, prevented (124,125).

A more recently employed agent in the management of cancer-associated
hypercalcaemia is gallium nitrate. Like calcitonin, it acts primarily by inhibiting
osteoclastic bone resorption. In a direct comparison, Warrell et al (126) have
shown gallium to be more effective than calcitonin in the treatment of this
condition. Problems have been described, however, with nephrotoxicity, the
development of anaemia and, rarely, optic neuritis. Its present role in the

management of cancer-associated hypercalcaemia remains uncertain.

The bisphosphonates are a family of compounds that were introduced into the
treatment of metabolic bone disease in the 1970s. These drugs are synthetic
analogues of pyrophosphate which are resistant to pyrophosphatases (127). They
inhibit growth and dissolution of hydroxyapatite crystals in vitro and inhibit
osteoclastic bone resorption in vivo (128,129). These properties led to this group
of drugs being used in conditions where bone resorption is elevated such as in

hypercalcaemia associated with malignancy (130), immobilisation (131) and
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hyperthyroidism (132) and in Paget's disease of bone (133). In view of their
efficacy and safety profile, these drugs have now probably become treatment of
choice in the management of cancer-associated hypercalcaemia (134). In a recent
study comparing the three intravenous bisphosphonates currently licensed for
this indication in the United Kingdom, pamidronate (aminohydroxypropylidene
bisphosphonate, APD) at a dose of 30mg was superior in terms of calcium
lowering effect to 600mg clodronate (dichloromethylene bisphosphonate,
CI2MDP) and standard doses of etidronate (ethanehydroxy bisphosphonate,
EHDP) (135). It is generally accepted, however, that clodronate can also be very
effective though multiple infusions (over several days up to a total of 3000mg)
are often required (136). As pamidronate is considerably more potent in terms of
osteoclast inhibition than these other two drugs (see 1.5.5), lower doses (30-
90mg) can be used effectively. This confers the added advantage of a single
intravenous infusion generally being effective (137). Clodronate and etidronate
are both also available as oral preparations which are often used in an attempt to
maintain normocalcaemia. Results with these are variable and the benefit of
prolonged oral treatment, often necessitating the ingestion of a large number of
tablets per day, remains in doubt (138,139) - particularly when if relapse of
hypercalcaemia does occur a further single infusion of pamidronate will usually

have a calcium lowering effect similar to the initial treatment (140).

The optimum dose regimen for pamidronate remains uncertain. It is currently
recommended that the dose of pamidronate be titrated against the prevailing
serum calcium level, with larger doses of pamidronate given where the pre-
treatment serum calcium is highest. This is based on a single study by Thiebaud
et al (141). Further evidence exists, however, that when doses of 15mg to 60mg
pamidronate are used there is little difference in the calcium lowering effect,
irrespective of the pre-treatment calcium level (140,142). A dose-response effect

does appear to exist with pamidronate (like the other bisphosphonates), but only



at doses below 0.05mg/kg (143). It is certain, however, that a number of patients
fail to respond or only respond incompletely to pamidronate (144,145). The
reasons for this are not clear, however it has been suggested that where there is
evidence of tumour production of PTHrP, the calcium lowering effect is less
good. This was suggested by Gurney et al.(146) who showed, in a small series,
that TmPO4 (a marker of PTH or PTH-like activity) was lower in patients with

cancer-associated hypercalcaemia who responded less well to pamidronate.

Serum albumin is generally low in patients with cancer and it is important,
therefore, that the total serum calcium be corrected for this low albumin. Failure
to do so will mean that the incidence of hypercalcaemia will be significantly
underestimated (147). It has been suggested, however, that the usual correction
algorithms may not hold in critically ill patients (148) or in elderly hospital in-
patients (149). Furthermore the binding affinity of calcium for albumin is not
constant at albumin concentrations below 30g/1 (150). In addition to the above,
measurement of ionised calcium depends to an extent on the prevailing serum
albumin concentration with measured ionised calcium levels rising where serum
albumin is higher (151). The experience at Glasgow Royal Infirmary in patients
with cancer, is that a close correlation is present between ionised calcium and
albumin corrected calcium (152) (see 2.1.1). However, it is not yet clear whether
this close correlation is maintained when calcium is lowered with a
bisphosphonate or whether the degree of metabolic upset present alters the usual

close relationship between ionised and albumin adjusted calcium.

Although side-effects are thought to be uncommon with bisphosphonates, these
drugs are all associated with impairment of bone mineralisation to a greater or
lesser extent. This is seen especially with etidronate where even low dose oral

therapy for Paget's disease may be associated with osteomalacia (153). Other
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side effects include gastrointestinal intolerance with oral therapy, fever

(following intravenous therapy) and rarely lymphopenia (154).



1.2a Vitamin D Metabolism and Hypercalcaemia

1.2a.1 Introduction

The synthesis of vitamin D and, in particular, of its active metabolite, 1,25-
dihydroxyvitmin D3 (1,25(OH)2D3) is of importance in both normal calcium
homoeostasis and in the pathogenesis of cancer-associated hypercalcaemia
(11,43). The principal site of 1,25(OH)2D3 synthesis is the kidne}" (10,11).
However, there is evidence that in certain situations extra-renal 1,25(OH)2D3

production is also of considerable importance (154a).

1.2a.2 Requlation of 1,25-dihydroxyvitamin D3

The conventional view is that 1,25(OH)2D3 is synthesised in accordance with the
physiological demand of the body for calcium and phosphate. The main site of
this regulation is at the level of the 1a-hydroxylase enzyme which controls the
production of 1,25(OH)2Ds3 from 25-hydroxy vitamin D3 (25(OH)D3). Activity
of this enzyme is controlled by changes in serum calcium, phosphate, parathyroid
hormone (PTH), calcitonin and other vitamin D metabolites (154b). The primary
stimuli of the renal 1a-hydroxylase are PTH, low serum calcium and low serum
phosphate. The resultant increase in serum 1,25(0OH)2D3 concentrations observed
following stimulation of 1¢t-hydroxylase then act to mobilise calcium from bone
(by stimulation of osteoclastic resorption) and to increase intestinal calcium
absorption. It also appears that 1,25(OH)2Ds3 can regulate its own biosynthesis by
acting as a feedback regulator on either the parathyroid gland or the kidney or
both. Furthermore, 1,25(0OH)2D3 may stimulate the formation of renal 24-
hydroxylase which metabolises excess 25(OH)Ds to the relatively inactive

metabolite, 24,25-dihydroxyvitamin D3 (154c).
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1.2a.3 Extra-renal Synthesis of 1.25-dihydroxyvitamin D3

Although the principal site of 1,25(OH)2D3 production is the kidney (10,11), itis
now recognised that extra-renal 1,25(OH)2Ds3 production can be of importance in
some situations. This is seen, for example, in pregnancy where 1,25(OH)2D3 is

produced by the placenta (408).

Barbour et al.(154a) reported the finding of a high serum 1,25(OH)2D3
concentration in an anephric patient with sarcoidosis. Since then it has been
shown that the elevated serum concentrations of 1,25(OH)2D3 seen in pa.tients
with sarcoidosis result from increased production of 1,25(OH)2D3 by the
macrophage (a prominent constituent of the sarcoid granuloma) (154d).
Although similar to renal 1a-hydroxylase, macrophage 1a-hydroxylase is
immune to the stimulatory effects of PTH, is very sensitive to stimulation by
interferon-gamma - a lymphokine produced by activated lymphocytes, is very
sensitive to inhibition by glucocorticoid but is refractory to inhibition by
1,25(0OH)2D3 (154¢). The renal enzyme, on the contrary, is relatively insensitive
to inhibition by glucocorticoid but is down-regulated by 1,25(OH)2Ds.

From the above it might be expected that in patients with cancer-associated
hypercalcaemia, serum concentrations of 1,25(OH)2D3 would be low since serum
calcium is elevated and PTH suppressed. While this may generally be the case, a
significant proportion of patients with cancer-associated hypercalcaemia have
either normal or elevated serum concentrations of 1,25(OH)2D3. This appears to
be the case both for lymphoreticular malignancies, (where 1,25(OH)2D3 appears
to be synthesised within the tumour) (108) and for squamous cancer (65). The
significance of this latter finding remains unclear as it would appear that those
patients who have cancer-associated hypercalcaemia and normal or elevated

serum concentrations of 1,25(OH)2D3, do not exhibit the expected increase in


























































































































































































































































































































































































































































































































































































































































































































































































