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Preface

‘‘Disorders of Mineral Metabolism’’ is intended as a comprehensive, up-to-date
treatise on the pathophysiology of calcium, phosphorus, and magnesium and of
other clinically relevant minerals and elements, such as iron, copper, zinc,
fluoride, and the like.

Recent years have seen major advances in our understanding of how these
minerals function in the mammalian body and why they are important in
medicine. Thus the failure to provide adequate concentrations of calcium in
hemodialysis fluids or to regulate their fluoride or aluminum concentrations may
lead to severe bone disease of patients who are being maintained on dialysis.
Understanding of the metabolism of vitamin D has underscored the pivotal role
played by renal tissue in providing the body with an adequate supply of 1,25-
dihydroxyvitamin Dy, the metabolite active in the intestinal cell and modulating
one component of calcium absorption. Indeed, what characterizes current under-
standing is the appreciation of what may at first appear to be remote control
loops, as in the role played by the vitamin D-regulated component of bone
metabolism in the body handling of cadmium.

It therefore seems entirely fitting that this treatise unites what appear to be
disparate subjects whose detailed understanding differs widely. It is the editors’
hope that knowledge gained in one area may serve to stimulate research in
another. An example is the high intracellular concentration of magnesium whose
regulation and relationship to extracellular magnesium are not understood. The
total intracellular calcium is low and the intracellular free calcium concentration
is carefully regulated at between 1077 and 10~® M. This appears to involve
complicated interactions between various cellular organelles, all of which have
calcium-binding proteins with an association constant of about 10¢ M~'. Yet
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Xii Preface

extracellular calcium is also closely regulated at 1073 M, and the body expends
considerable energy in the regulation of both intra- and extracellular calcium.
How are these two related and could intra- and extracellular calcium regulation
serve as a model for understanding the regulation of magnesium? Such questions
could be multiplied manyfold. We hope this treatise will not only serve as a
useful reference, but stimulate readers to reflect on parallels and distinctions
between subjects.

Volume I of the treatise deals with minerals and elements whose average daily
intake is under 50 mg. They are therefore conveniently termed *‘trace elements.’’
While many are essential for life, the essentiality of others has not been estab-
lished. Inclusion was largely a matter of clinical interest and relevance.

Volume II deals with the normal function of calcium, knowledge of which has
exploded in recent years, with much emphasis on a host of intracellular
functions. These have been summarized in the first chapter. In the remainder of
the volume, calcium absorption, excretion, and homeostasis are discussed in
detail, along with the hormonal modifiers of its metabolism. The role of connec-
tive tissue and bone, the major storehouse of body calcium, is reviewed in terms
of collagen metabolism.

Volume III deals with the pathophysiology of calcium in bone and kidney and
their disorders, along with detailed consideration of phosphate and magnesium
metabolism. Throughout this and the other volumes the viewpoint has been that
of disorders and how they arise; therapy has been discussed in terms of principles
rather than from the viewpoint of specific management.

This treatise was inspired by a desire to bring up-to-date the earlier one on
“‘Mineral Metabolism,”’ edited by C. L. Comar and Felix Bronner. It became
apparent early that comprehensive updating and expansion were no longer possi-
ble. An example is the Na*-K* ATPase, mentioned in a footnote in the earlier
treatise, which could now easily command its own volume. Similar comments apply
to iodine and the thyroid diseases, to the electrolytes Na* and K* and their dis-
eases, and a host of other subjects. Not only has there been an expansion of knowl-
edge, the approach has changed, with much greater emphasis on an understanding
of the molecular basis of many events. Some subjects have not advanced as much
as others. This applies in particular to the relationship between events at the cellu-
lar, tissue, and organism levels. Just as true understanding of a mechanism
requires reconstitution experiments, so appreciation of the disease process ulti-
mately demands integration of events at all levels of organization, from the
molecular to the whole organism. While this treatise makes halting steps in that
direction, we hope future research will bring us closer to that goal.

Felix Bronner
Jack W. Coburn



Contents

List of Contributors
Preface
Contents of Other Volumes

1 Disorders of Bone Resorption
GREGORY R. MUNDY and LAWRENCE G. RAISZ

I. Introduction
II. Disorders of Increased Bone Resorption
III. Disorders of Decreased Bone Resorption
References

2 Osteoporosis
ROBERT P. HEANEY

I. Introduction
II. The Problem of Osteoporosis
III. Pathophysiology
IV. Prevention and Treatment
V. Conclusion
References

3 Calcium Nephrolithiasis
CHARLES Y. C. PAK

I. Introduction
II. Physical Chemistry of Stone Formation

ix
xi

Xiii

14
43
54

67
68
72
94
109
110

120
120



Vi Contents

III. Physiological or Metabolic Disturbances

IV. Mode of Action of Therapeutic Modalities

V. Rational Therapy of Nephrolithiasis
References

4 Calcium Metabolism in Renal Failure
E. RITZ, H. H. MALLUCHE, B. KREMPIEN, and O. MEHLS

I. Homeostasis of Plasma Calcium and Phosphate
II. Skeletal Abnormalities in Renal Failure
III. Conclusions
References

5 Parathyroid Hormone,
Acid-Base Balance, and Calcium
Metabolism:

Interrelations and Interactions

URIEL S. BARZEL

I. Introduction
II. Regulation of Acid-Base Balance
III. Parathyroid Hormone Function and Acid-Base Balance
IV. The Effects of Acid-Base Changes on Blood Calcium
V. The Effects of Acid-Base Changes on Calcified Tissue and Bone
VI. The Effects of Acid-Base Changes on Renal Excretion of
Calcium
VII. The Effects of Acid-Base Changes on Calcium Absorption
VIII. Renal Tubular Acidosis (RTA)
IX. Milk Alkali Syndrome
X. Summary
References

6 Disorders of Phosphorus Metabolism

DAVID B. N. LEE, NACHMAN BRAUTBAR, and
CHARLES R. KLEEMAN

I. Introduction
II. Body Content and Distribution of Phosphorus

130
137
142
146

152
179
227
2277

251
252
255
260
264

268
269
270
273
274
275

284
285



Contents

III. Renal Handling of Phosphate
IV. Intestinal Phosphate Absorption
V. Phosphate and Bone
VI. Phosphate Homeostasis
VII. Disorders Attributed to Hypophosphatemia and/or Phosphorus
Depletion
VIII. Disorders Attributed to Hyperphosphatemia and/or Phosporus
Excess
References

7 Magnesium Metabolism
CONSTANTINE S. ANAST and DAVID W. GARDNER

I. Body Content and Distribution of Magnesium
II. Biochemistry of Magnesium
III. Gastrointestinal Absorption of Magnesium
IV. Renal Handling of Magnesium
V. Magnesium and Neuromuscular Function
VI. Magnesium and the Heart
VII. Magnesium and the Endocrine System
VIII. .Magnesium Deficiency in Animals
IX. Magnesium Deficiency in Man
X. Hypermagnesemia
XI. Regulation of Magnesium Homeostasis
References

Index

Vii

292
317
327
334

353

382
388

424
426
429
433
435
436
437
455
461
478
480
482

507



Contents of Other Volumes

VOLUME I Trace Minerals

1.

Iron
A. Jacobs and M. Worwood

. Copper

Norman Aspin and Andrew Sass-Kortsak

. Zinc in Human Nutrition

Harold H. Sandstead

Lead
Robert A. Goyer

Nickel
F. William Sunderman, Jr.

Manganese
Ismael Mena

. Chromium

K. Michael Hambidge

Molybdenum
Paul W. Winston

Cadmium
Lars Friberg and Tord Kjellstrom

xiii



Xiv

10.

11.

12.

Contents of Other Volumes

Aluminum and Tin
Allen C. Alfrey

Lithium
Malcolm Cox and Irwin Singer

Fluoride
Harold C. Hodge and Frank A. Smith

VOLUME II Calcium Physiology

1.

The Regulation of the Cellular Functions of Ca**
Ernesto Carafoli

Calcium Homeostasis
Felix Bronner

. Intestinal Absorption of Calcium: Its Assessment, Normal

Physiology, and Alterations in Various Disease States
Barton S. Levine, Marlin W. Walling, and Jack W. Coburn

. Renal Handling of Calcium

Shaul G. Massry

Collagen Biosynthesis and Degradation
Marvin L. Tanzer

. Parathyroid Hormone

Jan A. Fischer

. Vitamin D: Metabolism, Action, and Disease States

Mark R. Haussler and Arnold S. Brickman

Calcitonin Secretion
Leonard J. Deftos

Hormonal Modifiers of Mineral Metabolism Other Than
Parathyroid Hormone, Vitamin D, and Calcitonin
Robert K. Rude and Frederick R. Singer



Disorders of Bone Resorption

Gregory R. Mundy and Lawrence G. Raisz

I11.

Introduction :

A.  Mechanism of Bone Resorptlon s

B.  Physiologic Importance of Bone Resorptlon

C.  Measurement of Bone Resorption .

Disorders of Increased Bone Resorption .

Primary Hyperparathyroidism

Secondary Hyperparathyroidism

Tertiary Hyperparathyroidism

Hypervitaminosis

Sarcoidosis . .
Effects of Thyroid Hormonec on Bone Metabollsm
Neoplastic Disease and the Skeleton .
Inflammatory Disorders .

Paget’s Disease

Massive Osteolysis .

Osteoporosis

Immobilization

Disorders of Decreased Bone Resorptlon
Hypoparathyroidism

Pseudohypoparathyroidism

Vitamin D Deficiency

Role of Decreased Bone Resorptlon in lmpalrment of Skeletal
Growth . s

E.  Osteosclerotic Neoplasms

F.  Osteopetrosis

References

) ASTZOTmMOON®E >

onw>

10
14
14
16
17
18
21
22
25
31
34
37
38
41
43
43
45
46

48
48
49
54

Disorders of Mineral Metabolism, Vol. Ill
Copyright © 1981 by Academic Press, Inc.
All rights of reproduction in any form reserved.
ISBN 0-12-135303-6

1



2 Gregory R. Mundy and Lawrence G. Raisz

. INTRODUCTION

A. Mechanism of Bone Resorption

The resorption of bone involves release of bone mineral and degradation of
bone matrix. Most bone resorption is probably cell-mediated, so that mineral
release accompanies matrix degradation and probably slightly precedes it. How-
ever, mineral may also be exchanged between bone and extracellular fluid with-
out removal or degradation of the bone matrix. This process has been termed
calciolysis (Bohatirchuk, 1966). The significance of mineral exchange without
matrix degradation in vivo is unknown but may play a role in the minute-to-
minute regulation of the ionized calcium in the extracellular fluid. As far as is
known, calcium regulation is primarily controlled by bone resorption, which is a
hormonally regulated process mediated by bone cells.

1. Cell-Mediated Bone Resorption

The large multinucleated osteoclast is responsible for most if not all bone
resorption that occurs under physiological circumstances. There is also
morphologic evidence that osteocytes may contribute to bone resorption by en-
larging the lacunae in which they reside (Bélanger er al., 1963; Bélanger, 1965).
Recently it has also been shown that cultured human monocytes (Mundy er al.,
1977) and breast cancer cells (G. R. Mundy and G. Eilon, unpublished observa-
tions, 1977) resorb cultured devitalized bone, although the physiologic relevance
of these in vitro phenomena is still not clear.

a. Osteoclasts. Osteoclasts are large cells with foamy vacuolated cyto-
plasms, particularly when they are actively resorbing bone. Osteoclasts are usually
multinucleated, but it is probable that mononucleated osteoclasts also occur. The
number of nuclei varies from one or two to several hundred. The number of
nuclei is increased in Paget’s disease of bone, in hyperparathyroidism (Rasmus-
sen and Bordier, 1974), and in other states where there is a stimulus to bone
resorption, such as myeloma (Mundy et al., 1974b). The nuclear number is
decreased in elderly patients and in patients with postmenopausal osteoporosis
(Rasmussen and Bordier, 1974). There is some species variation both in the size
of the cells and in the number of nuclei (Hancox, 1972), with human osteoclasts
being intermediate between the rat and the cat. The cytoplasm is acidophilic and
most of the nuclei contain one single nucleolus. The nuclear chromatin is usually
clumped towards the center of the nucleus.

The ultrastructure of the osteoclast is characterized by a ruffled or brush border
(Palade, 1955; Scott and Pease, 1956). This was first observed by Kolliker
(1873). This ruffled border is the sine qua non of the osteoclast. It is a
specialized area of the cell membrane that consists of cytoplasmic processes
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which extend into the adjacent bone. Within these cytoplasmic extensions can be
found semi-digested bone matrix and free apatite crystals. These fragments are
not seen within the cell cytoplasm. The proportion of osteoclast area occupied by
ruffled borders and clear zones is increased in those osteoclasts that are actively
resorbing bone (Holtrop er al., 1974), and the area of ruffled borders and clear
zones per cell may be used as a morphologic parameter of osteoclast activity.
Another feature of the osteoclast ultrastructure is abundant mitochondria that
occur predominantly on the opposite side of the cell from the bone. These
mitochondria probably provide energy for osteoclast motility and for the resorb-
ing process. The osteoclast contains scanty endoplasmic reticulum but has a well
developed Golgi system. Many vesicles are present and some are probably lyso-
somes that may be involved in the resorptive process. Adjacent to the ruffled
border is a clear zone devoid of subcellular organelles (Holtrop et al., 1974).
The evidence that osteoclasts resorb bone is based on quantitative morphology
from electron microscope sections of bone undergoing resorption (Holtrop et al.,
1974) as well as cinephotomicrography (Gaillard, 1955; Goldhaber, 1960). Al-
though osteoclasts are usually closely apposed to bone in Howship’s lacunae, they
are very highly mobile cells that migrate from the primary resorptive site, leaving
a scalloped margin which can be recognized as a bone resorbing surface.
Osteoclast number and activity can be regulated by a number of humoral
mediators. The activity of osteoclasts is increased by parathyroid hormone
(Raisz, 1965), the active metabolites of vitamin D (Trummel e al., 1969; Raisz
et al., 1972a), thyroxine and triiodothyronine (Mundy et al., 1976b), prosta-
glandins (Klein and Raisz, 1970), and osteoclast-activating factor (Horton ez al.,
1972). Osteoclast activity is inhibited by cortisol (Raisz et al., 1972b), phos-
phate (Raisz and Niemann, 1969), calcitonin (Raisz and Niemann, 1967), and
colchicine (Raisz et al., 1973). Stimulation of osteoclast activity by PTH has
been associated with a number of metabolic events which are associated with the
bone resorbing process. However, osteoclast stimulation by PTH is accompanied
by inhibition of bone collagen synthesis (Dietrich et al., 1976) and some of these
events may be linked to this latter effect. They include adenylate cyclase activa-
tion (Chase and Aurbach, 1970), the increased entry of calcium into cells (Par-
sons and Robinson, 1971), citrate accumulation with decreased oxidation,
increased glucose oxidation and increased lactate production (Martin et al., 1965),
increased intracellular accumulation of acid phosphatase (Walker, 1972), in-
creased release of lysosomal enzymes (Vaes, 1969; Eilon and Raisz, 1978),
increased RNA synthesis (Bingham et al., 1969), and increased hexosamine
incorporation and hyaluronate synthesis (Johnston et al., 1972; Luben et al.,
1974a). Stimulation of osteoclasts by parathyroid hormone also results in
changes in osteoclast membrane potential (Mears, 1971). Normally, osteoclasts
occur in two populations with high and low membrane potentials. After activa-
tion with parathyroid hormone most of the osteoclasts have a low membrane



