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Preface

Essential mineral elements play a major role in the nutrition of humans and all animals. In
fact, the number of essential mineral elements exceeds the number of vitamins or amino
acids that are essential to the diet; however, their quantitative requirements are far less than
those for protein, fat, and carbohydrate. Because life evolved in a milieu composed
primarily of inorganic molecules, primitive organisms took advantage of the available
inorganic elements to serve as catalysts, even as signaling agents, in the support of
metabolism. Later, many of the elements were incorporated into protein constructs (typ-
ically metalloezymes) that improved their efficiency.

Modern approaches to the determination of mineral nutrient requirements began in
the 1920s with the development and use of semipurified diets, but elucidation of the
biochemical roles of these nutrients, particularly of the micro (trace) elements, did not
emerge until the 1970s. This occurred with the unraveling of now well-established meta-
bolic pathways and protein structures, detailed membrane and subcellular composition, and
biochemical mechanisms by which genes are expressed. Over the past 20 years mineral
elements have been shown to play key roles at nearly every step of the many life processes.
These range from the role of calcium as a second messenger, to the role of zinc and “zinc
fingers” in gene transcription, to the selenium-specific codons and insertion elements in
mRNA translation. The integration of ‘“‘mineral nutrition” and molecular biology creates
the need for a handbook that encompasses molecular mineral nutrition—a book that
provides a single source of advanced and integrated knowledge about all the essential
mineral elements.

For historical reasons, the essential mineral elements are commonly divided into
macro and micro categories. There is some excuse for this separation based on function, but
in general such classification is unjustified; for example, calcium is a major component of
bone but micro quantities serve as a second messenger. The number of micro elements
recognized as nutritionally essential has increased dramatically since 1948, the end of the
era of vitamin discovery. Because of the extraordinary interest in trace elements during the
past four decades, numerous reviews and books related to this subject have appeared.

In contrast to the coverage of micro elements, there are few books that cover the
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nutritional properties of the macro elements (calcium, phosphorus, potassium, sodium,
chloride, and magnesium). In fact, this may be the first single volume that encompasses the
roles of both macro and micro elements in nutrition, physiology, and biochemistry. Obvi-
ously such broad coverage demands exclusion of some information, but this book distills
the essence of knowledge related to the physiological and biochemical functions of all
essential mineral elements. To achieve this distillation, the expertise of internationally
recognized scholars in their respective areas of mineral nutrition has been assembled.

While the handbook is designed primarily for students and professionals in nutrition
(clinical, applied, and basic), it is a valuable source of information for students, teachers,
and researchers in all areas of biology, including biochemistry, physiology, pharmacology,
and medicine. In addition to the roles of mineral elements in animal nutrition, their
analogous roles in plants and microorganisms are discussed where appropriate to provide
coverage of the full range of biological functions. Recent work with prokaryotes and plants
has provided valuable insights into mineral element function. Consequently, modern
molecular nutrition is not restricted to higher animals.

The contributors have prepared and freely incorporated models and figures that can
be used in the classroom to present basic concepts. Not only have the authors presented
much detailed and specific information, but they have also provided comprehensive refer-
ences for those who wish to pursue the subject. The editors wish to express their sincere
appreciation to the authors for their cooperation and patience as well as their excellent
contributions.

Boyd L. O’Dell
Roger A. Sunde
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Introduction

Bovp L. O'DeLL AnND RoGER A. SUNDE
University of Missouri, Columbia, Missouri

The term mineral element refers to elements that are not normally volatilized when
their organic matrix is ashed to remove the carbonaceous material. Elements are substances
that cannot be decomposed to simpler substances nor formed by chemical union. The
definition of essentiality is more elusive, but in the broad sense, a nutritionally essential
element is required in the diet of animals and humans in order to allow completion of the
life cycle.

. DISCOVERY OF MINERAL ELEMENT ESSENTIALITY

In 1874 Forster [referenced in (1)] observed that the minerals in the ash of tissues are
required to support animal life. This observation established the dietary essentiality of
mineral elements. This requirement was distinct and beyond that recognized for carbon,
hydrogen, oxygen and sulfur, the elements supplied by water, carbohydrate, fat, and pro-
tein. Except for vitamin B,,, the dietary requirement for mineral elements is also distinct
from that of the vitamins. This Handbook is concerned primarily with the metabolism and
metabolic function of these elements in humans and other animals.

The discovery of mineral element essentiality and function has proceeded along
multiple routes, employing techniques and observations such as (a) use of purified diets
composed of known ingredients, (b) the result of parenteral nutrition, i.e., intravenous
infusion of highly purified nutrients, (c) study of animals and people living in ecological
niches deficient in specific elements, and (d) determination of the basis of certain genetic
diseases. Perhaps the most important tool in the discovery of all essential nutrients,
including the mineral elements, has been the purified diet. Total parenteral nutrition is an
extension of the purified diet concept, but the discoveries made in the course of its use were

1
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accidental in that the elements were not deliberately omitted, but were found to be deficient
in the original formulations. Deficiencies of some elements, such as those of iodine,
fluorine, cobalt, and copper, were observed first because the soil, water, or plants in a
particular area were deficient in the specific element. Other deficiencies have occurred
because the essential element was made biologically unavailabie by other dietary constitu-
ents. Some genetic diseases result from deficiency of an essential element caused by gene
mutations. Such mutations may prevent the production of the proteins required to absorb or
metabolize the element in the normal manner. Examples of such genetic diseases in humans
include Menkes’ disease, which leads to copper deficiency, and acrodermatitis entero-
pathica, which gives rise to zinc deficiency. Lack of these elements commonly results in
defective enzymes whose activities are dependent on the element; e.g., molybdenum
deficiency induced by a gene mutation impairs sulfite oxidase activity.

Recognition of the physiologic significance of the mineral elements has developed
over a period of some 300 years, but the importance of most of the essential elements has
been recognized only during the twentieth century. Table 1 lists chronologically some
major observations that have led to the recognition of the essential mineral elements. Many
of these observations have stood the test of time, having been confirmed repeatedly by other
investigators. The conclusions suggested by some observations may be modified with time,
and other elements may be added to the list. More detailed history of each element will be
found in the respective chapters.

Il. DEFINITION OF ESSENTIALITY

An essential element is one that is required to support adequate growth, reproduction and
health throughout the life cycle, when all other nutrients are optimal. The difficulty with
this definition arises in the interpretation of the word adequate. Under normal circum-
stances, an element is clearly essential if a distinct pathology results when it is omitted from
the diet. Essentiality is less clearly defined when there is only a small change in the rate of
growth, when the environment is suboptimal, or when there is a microbial infection.
Observed improvements in performance upon supplementation with an element may be
due to changes in the intestinal microflora, to a pharmacologic effect, or to interaction with
another element. Conceivably, a nonessential element might provide temporary improve-
ment in a critical physiologic parameter by releasing a similar but essential element from a
less critical site and thus making it available. However, if an element exerts a catalytic or
regulatory role in a critical biochemical pathway, there is little or no doubt about its
essentiality.

A list of the essential mineral elements is presented in Table 2. For convenience and
historical reasons, the elements are divided into two groups, the macro elements and the
micro elements. The requirement for macro elements is in the range of grams per kilogram
of diet, while that for the micro elements is in the range of milligrams, or even micrograms,
per kilogram. In the case of adult humans, the same distinguishing units apply when
expressed as intake per day. The micro elements are also referred to as trace elements
because the early analytical methods did not allow their quantitation, and they were
reported simply as a “trace.” For this reason and the lack of sufficiently pure dietary
ingredients, the essentiality of most of the micro elements was discovered considerably
later than that of the macro elements. The list of essential mineral elements in Table 2 is
divided into two categories: those whose essentiality has been confirmed by evidence for an
essential biochemical mechanism, involving the element in a catalytic or regulatory role;
and those whose essentiality is suggested by impairment of physiological function only.



TasLe 1 Chronological Observations Providing Evidence of Mineral Element
Essentialitye

Laboratory

Year Element and reference Observation

1664 Iron Sydenham (1) Iron salts restored skin color in anemic patients.

1747 Iron Menghini (1) Blood contains iron.

1842 Calcium Chossat (2) CaCO, prevented fragile bones in pigeons.

1847 Sodium and Liebig (2) Tissues contain primarily K, and blood and lymph

potassium contain primarily Na.

1849  Sodium Boussingalt (1)  Oxen fed low Na became depressed, unthrifty, and
showed loss of hair.

1881 Sodium and Ringer (2) Na and K are essential for maintenance of tissues

potassium and organs in vitro.

1908 Todine Marine (1) Goiter in pups can be prevented by giving iodine to
dams.

1909  Phosphorus Huebner (2) Low-P diet produced rickets in dogs.

1918  Phosphorus Osborne and P restriction in rats retarded growth.

Mendel (1)

1921 Calcium and Sherman (1) Ca:P ratio is important for bone formation in rats.

phosphorus

1928 Copper Hart (1) Cu as well as Fe is required for prevention of
anemia in rats fed milk-based diet.

1931 Magnesium McCollum (1) Rats fed low Mg developed dilatation of vessels,
extreme hyperirratibility.

1931 Manganese Hart (1); Mice failed to grow and ovulate; rats failed to

McCollum (1) suckle and survive.
1934 Zinc Hart (1) Rats fed low Zn showed growth retardation and hair loss.
1935  Cobalt Underwood (1);  Co prevented loss of appetite, anemia, and lethargy
Marston (1) in sheep.

1937  Chloride Orent-Keiles (1) Low Cl caused growth retardation and
hypersensitivity; low Na caused “fatigue” and
dehydration in rats.

1938  Fluoride Dean (1) Dental caries is lower in children who drink water
with 1.9 than with 0.2 ppm F.

1953 Molybdenum  Richert and Mo is a component of xanthine oxidase.

Westerfeld (3)

1957  Selenium Schwarz (4) Se (Factor3) prevents liver necrosis in rats.

1959 Chromium Mertz (5) Cr(IlI) is the factor involved in maintenance of
glucose tolerance (GTF).

1972  Silicon Carlisle (7); Retarded growth in chicks, rats.

Schwarz (8)

1975  Nickel Nielsen (9) Ni deprivation increased perinatal mortality,
depressed growth and hematocrit.

1976  Arsenic Anke (10) Low (50 ppb) As decreased fertility, birth weight,
and survival of goats and minipigs.

1981  Lithium Anke (11) Low (1.9 ppm) Li decreased fertility and birth
weights of goats.

1981 Lead Kirchgessner Low (20 ppb) Pb produced anemia and decreased

(12) growth in second-generation rats.
1981 Boron Nielsen (13) B added to low (0.3 ppm)-B diet stimulated growth

and prevented leg abnormalities in chicks fed
diets low in cholecalciferol.

#This table lists pertinent observations that led to the discovery of the essential elements, but it is not complete and
is not meant to establish priority of discovery. The history of the early literature came from Refs. 1 and 2.
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TaBLE 2 Essential Mineral Elements

Essentiality confirmed by Essentiality suggested by
biochemical mechanism(s) physiologic impairment

Macro elements
Calcium Chloride
Phosphorus  Potassium

Sodium Magnesium

Micro elements
Iron Cobalt Fluoride Arsenic
Iodine Molybdenum Chromium Lithium
Copper Selenium Vanadium Lead
Manganese  Zinc Silicon Boron

Nickel

While these categories are somewhat arbitrary, they are presented to provide a measure of
the validity of their assessment as being essential. It is anticipated that future research will
move several elements from the latter list into the confirmed list.

While the macro and micro classes of essential elements tend to differ in function,
there is considerable overlap. There are three general physiologic roles for the elements in
biology: structural, catalytic, and signal transduction. Of the six macro elements, calcium
and phosphorus play important roles in the skeletal structure of vertebrates. Phosphorus is
also an important component of phospholipids, phosphoproteins, and nucleic acids. So-
dium, potassium, and chloride perform major roles in the maintenance of osmotic pressure,
water balance, and membrane potentials. Magnesium lies on the border between the macro
and micro elements. It is primarily an intracellular element, and it exerts regulatory and
catalytic roles in numerous biochemical systems. While the macro elements perform
largely structural functions, some also perform regulatory functions involving low or
catalytic concentrations. For example, calcium plays a key regulatory role as a messenger
in signal transduction, notably in nerve and muscle cells. Phosphorus, by way of the
phosphorylation—dephosphorylation cycle, exerts a highly important function in the regu-
lation of enzyme activity by changing protein conformation or tertiary structure. Sodium,
potassium, and chloride ions are of importance in the function of all cells in the mainte-
nance of water balance. Micro quantities of these elements are important in the function of
the nervous system through development of the action potential.

As expected by the low concentrations required, the micro elements serve primarily
catalytic functions in cells and organisms. Iron performs both major and minor functions.
Its deficiency causes anemia, providing clear evidence of iron essentiality, but it is also a
component of numerous proteins that exert critical roles in energy metabolism, notably the
cytochromes and the enzymes that participate in the electron transport system. Iodine
deficiency causes goiter and cretinism, and it is a known component of the important
thyroid hormones. Copper deficiency gives rise to many distinct aspects of pathology that
can be identified with specific cuproenzymes, e.g., depigmentation and low tyrosinase
activity, or aortic rupture and low lysyl oxidase activity. Manganese deficiency results in
distinct pathology, including reproductive failure, skeletal defects, and ataxia; the man-
ganese ion is a component of several enzymes, including mitochondrial superoxide dis-
mutase, pyruvate carboxylase, and arginase, although these enzymes may not be related
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directly to the observed pathology of manganese deficiency. A similar situation exists in the
case if zinc, whose deficiency pathology includes stunted growth, skin lesions, and repro-
ductive difficulties. While zinc is a component of enzymes that catalyze more than 50
different biochemical reactions as well as a component of proteins involved in gene
expression, none of these proteins or enzymes has been identified with specific zinc
deficiency pathology. Besides its catalytic role in some enzymes, zinc exerts a structural
role in proteins, particularly in the zinc finger proteins involved in gene transcription.
Cobealt is a component of vitamin B,, and is thus classed as an essential element, but there is
no evidence that the cobalt ion has any other biochemical function. The fact that molyb-
denum is a component of enzymes, such as xanthine oxidase and sulfite oxidase, provides
stronger evidence of its essentiality than does the physiologic response of animals to dietary
molybdenum deprivation. Not only does selenium deficiency result in severe pathology,
including cardiomyopathy and skeletal muscle defects, it is also a component of several
proteins, including the glutathione peroxidases and the iodothyronine-5'-deiodinases. The
fact that a biochemical as well as a physiologic function has been established for some
elements adds materially to the validity of their classification as essential.

. MECHANISMS BY WHICH MINERAL ELEMENTS
EXERT FUNCTION

Biochemical functions have been established for the macro elements and at least eight of
the micro elements listed in Table 2. An obvious challenge for future research is to establish
biochemical mechanisms that depend on the other elements listed. Fluoride is probably
unique among the essential micro elements in the sense that its function appears to be more
protective than catalytic. Low fluoride intake often results in dental caries, but it is not
essential to prevent caries under all conditions. Sugar consumption plays a major role in the
incidence of caries, because of its effect on the microflora associated with teeth. Fluoride is
a structural component of bones and teeth, but there is no evidence that it exerts a specific
biochemical function.

Of the eight micro elements whose biochemical functions have been identified, at
least in part, six are metals and two, iodine and selenium, are nonmetals. The essential metal
ions, which belong to the first two transition series of the Periodic Table, generally function
as cations complexed with organic ligands or chelators. Proteins are the most common
naturally occurring chelators, but there are many other biochemically important chelators,
such as the porphyrins and corrins. Molybdenum differs from most of the other metals in
that it commonly exists as an anion containing oxygen (MoO,2~), or analogous anions in
which part or all of the oxygen is replaced with sulfur. In biological cofactors the oxygen
and sulfur may be provided by organic molecules. The divalent cations in the first transition
series have unfilled d orbitals and may be designated by the number of electrons present,
e.g., Mnd5, Fe®, Cod7, and Cu®®. While Zn2*+ (Zn919) is not strictly a transition element,
because its d orbitals are filled, its atomic structure is similar, and it readily forms
complexes analogous to those formed by the transition metal ions. All of the transition
metal ions form coordinate covalent bonds with ligands that contain the electron-donor
atoms N, O, and S, which are found extensively in proteins. There is a degree of selectivity
of metal ions for electron-donor atoms—zinc tends to prefer sulfur, and copper prefers
nitrogen—but several different donor atoms will complex with each metal ion. The amino
acid residues in proteins serve as rich sources of electron-donor atoms; for example, the
imidazole group of histidine supplies nitrogen, the carboxyl groups of aspartic and glutamic
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acids supply oxygen, and the sulfhydryl group of cysteine supplies sulfur for complexation.
Besides proteins that form chelates with the micro elements, porphyrins chelate iron and the
corrins chelate cobalt to form specialized enzyme cofactors. The essential micro elements
prefer coordination numbers of 4 or 6; i.e., they complex with four or six ligands. Copper
and zinc have coordination numbers of 4 and generally form square planar and tetrahedral
complexes, respectively. The other cations have coordination numbers of 6 and prefer
octahedral complexes. The metal ions complex with chelators with greatly different de-
grees of affinity. The relative affinities are characterized by thermodynamic dissociation
constants that are specific for the ion and the chelator. In general, the stability of a complex
is greater if all ligands are present in a single organic molecule, depending on how well their
arrangement fits the preferred configuration of the metal ion.

The biologically active molecules that contain the essential nonmetal elements differ
distinctly from the metallocompounds. Compounds containing nonmetal elements, such as
the iodinated thyroid hormones and the selenoenzymes, bond the respective elements
covalently. Thus, the elements in these compounds do not dissociate from the organic
moiety and are not in equilibrium with a free ion as in the case of metal ions. The metal ions
can associate with preformed apo-proteins, while selenium, for example, is incorporated
into proteins as a selenoamino acid at the time of synthesis. Iodine is incorporated into
protein posttranslationally, being covalently linked to thyroglobulin after protein synthesis.

IV. QUANTITATIVE INTAKE AND THE PHYSIOLOGIC
RESPONSE

As in the case of other essential nutrients, the physiologic effects of the essential mineral
elements depend on the level of intake. This concept, based on that of Schulz as proposed in
1888 [referenced in (14)], is depicted in Figure 1. There is a range of intake, the so-called
safe and adequate range, which provides optimal function. At intakes progressively below
this range there is graded decrease in function until overt signs of deficiency appear. At the
same low dietary intake of an element, some organs and functions are affected before
others, depending on species and other conditions. For example, copper deficiency adver-
sely affects the cardiovascular system in the pig and chicken before it affects the central
nervous system, while in the sheep the nervous system is affected while little or no damage

PERFORMANCE

Deficient Optimal

INTAKE

FIGURE 1 Theoretical dose—response curve. The physiologic effect of an essential mineral element
is dependent on diet concentration, ranging from deficiency at low intake to toxicity at extremely high
intake. The aim of nutritional science is to achieve intakes at safe and adequate levels.



Introduction 7

occurs in the vascular system. Zinc deficiency has a more dramatic effect on the nervous
system in the guinea pig than it does in the rat. Similar examples can be cited for selenium
and other elements. Presumably, these differences occur due to a summation of several
factors, including the relative affinities of biologically active proteins for specific metal
ions and the relative concentrations and activities of the protein in the different species. The
relative rates of expression of critical proteins, the prevalence of alternative protective
pathways, as well as the relative rates of generation of substrates could also contribute to
the differences.

Signs of toxicity begin to appear when intake exceeds the safe and adequate range.
For example, fluoride, selenium, arsenic, and lead have long been considered to be “‘toxic”
elements. As a matter of fact, all of the essential elements are toxic if consumed or
administered in excess, although the concentration at which toxicity occurs varies widely.
Although it is not valid to arbitrarily classify elements as toxic or nontoxic, the ratio of the
minimal toxic level to the minimal adequate level may be a useful index of relative toxicity.
For example, although the physiologic significance of selenium was first recognized
because of its toxicity in livestock, the ratio of selenium’s toxic to its required level is not
substantially less than that of many other essential elements, e.g., iron (see Table 3). At
concentrations between the safe and toxic levels, there may be a pharmacologic effect of the
element. A question that needs to be addressed is, at what levels, if any, do the essential
elements act as pharmacologic rather than essential or toxic agents.

Other dietary factors can affect both the requirement and toxicity levels of an
element, although the effects on requirement have received the most research attention.
Other dietary constituents can increase or decrease the bioavailability of an essential
element. By the same token, other dietary components can affect the level of toxicity of
both essential and nonessential elements. Relative bioavailability is defined as the propor-
tion of an element in a food that can be absorbed and utilized, compared to a pure standard.
Bioavailability of an element is most commonly decreased by its chelation in the gut to
form a strong or insoluble complex, or by the presence of a competitive antagonist. For
example, phytate, found in seeds, chelates and decreases the bioavailability of zinc; an
excess of zinc antagonizes the absorption and utilization of copper. One would expect
chelators and antagonists of toxic elements to have an analogous effect on bioavailability of
toxic elements. The physiologic effects of the essential elements are concentration-

TaBLE 3 Estimated Toxicity: Requirement Ratios of Selected
Mineral Nutrients

Highest recommended  Estimated minimal toxic

Element daily intake (mng) daily dose (mg) Ratio
Calcium 1,200 12,000 10
Phosphorus 1,200 12,000 10
Magnesium 400 6,000 15
Iron 18 100 6
Zinc 15 500 33
Copper 3 100 33
Iodine 0.15 2 13
Selenium 0.2 1 5

Source: Adapted from Ref. 15.
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dependent. While the major thrust of this Handbook relates to biological functions of the
various elements, generally each chapter gives a brief treatment of the quantitative as-
pects of requirements and toxicity.

V. MOLECULAR BIOLOGY IN ESSENTIAL MINERAL
ELEMENT NUTRITION

A. A New Paradigm for Research

Listed above are four experimental approaches or routes that have been employed suc-
cessfully to identify and to understand the essential mineral elements. A new paradigm—
molecular biology methods of analysis—has emerged in the last decade, and the current
and future techniques employing this intellectual base will undoubtedly revolutionize our
ability to understand nutrition of the essential elements.

The use of the purified diet in nutrition research was a clever method of analysis that
allowed meaningful study of nutrition with little or no knowledge about the underlying
processes. Early criteria such as animal survival were subsequently replaced by growth,
reproduction, and protection against a specific disease or pathology (16). Later, analytical
methods progressed to permit determination of maintenance (balance) of tissue mineral
levels. Later still, measurement of biochemical markers, such as circulating alkaline
phosphatase or glutamic-oxaloacetic transaminase, or element-specific biochemical markers,
such as glutathione peroxidase, angiotensin-converting enzyme, or serum ferritin, gave
increasing sophistication to our assessment of mineral requirements. At each increased
level of sophistication, additional important knowledge was obtained to help us understand
the nutritional biochemistry of the essential elements. These procedures, however, were all
dependent on appropriate choice of the parameter on which to make the measurement, and
the conclusions were perhaps more dependent on the observer than on the subject of the
study. The number of publications in the two decades from 1970 to 1990, reporting
discovery of a function for an identified metalloprotein, or of looking for a biochemical
mechanisms for an impaired physiologic function (see Table 2), is tremendous. In the late
1980s, the new molecular biology paradigm began to offer exciting routine potential for
bridging the gap between a protein and a function. The following examples illustrate this
potential.

The ability to sequence proteins, cDNAs, and genes, rapidly and accurately, in
combination with the technological revolution that allows rapid searching of the resulting
databases, now allows rapid interconversion of information among these three tiers of gene
expression. What previously was a seeming miracle of serendipity that married a function
and a protein, such as the marriage of hemocuprein and copper, zinc-superoxide dismutase
(17), can now be done routinely: for example, the convergent identification of cytosolic
aconitase as the iron-regulatory element (IRE)-binding protein (18). In contrast to the
hemocuprein story, this regulatory protein is found in trace amounts and would likely not
have been detected without the advent of molecular biology.

A second important area is the ability to discern changes in the regulation of protein
expression, not only by use of antibodies, but also by use of Northern blotting techniques to
monitor changes in mRNA levels, and using footprinting techniques or gel retardation/
mobility shift assays to determine interaction of regulatory proteins with nucleic acids. This
permits a refinement of our ability to determine the impact of small changes in nutritional
status on gene expression and to determine the mechanism of this process at a molecular
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level. An exciting recent development, employing variations on the polymerase chain
reaction techniques, uses an approach called differential display; without any knowledge of
what one is looking for or of the processes involved, one can compare gene expression
under two conditions, such as nutrient deficiency versus adequacy, or disease versus health.
And the outcome is to identify a series of cDNAs of genes that are potentially regulated
differentially under these two conditions.

A third powerful approach is the use of heterologous expression systems, such as the
xenopus oocyte (frog), baculovirus (insect), yeast or baby kidney hamster cell systems, to
clone, characterize, and identify an animal or human gene from a library. The host system is
typically devoid or low in native expression, so modest restoration of activity can be
detected when the cells are transfected with a sample containing a gene for the activity of
interest. With these heterologous expression techniques, we have powerful ability to
identify the proteins and the genes for critical regulatory steps in metabolic pathways which
may only be present at the level of a few copies per cell. Because mineral elements were
likely critical components of metabolic pathways at the earliest stages of evolution as well
as being fundamentally important for maintenance of a constant intracellular environment,
these nutrients are emerging as important effectors in gene regulation. The recent identifica-
tion of a molecular role for copper in iron uptake in yeast, for instance (19), shows the
power of this approach in answering long-standing nutritional questions. The identified
mechanisms are also likely to play important roles in how nutrition modulates health.

The last general molecular biology technique that we would like to highlight briefly is
the powerful technique of producing transgenic and knockout animals. Spontaneous inborn
errors of metabolism, such as sulfite oxidase deficiency, have provided tremendous insight
into the identification of essential elements, such as molybdenum, that were not readily
identified using the purified-diet approach. Today, researchers not only can delete or add a
specific gene in a single-celled experimental model, they can also readily create mice with
three or four copies of a specific gene, or strains of mice lacking one or more genes. For
instance, production of mice lacking both metallothionein I and metallothionein II is
helping to specifically identify the essential biochemical function of this regulated copper/
zinc/cadmium protein (20).

B. Molecular Biology and Determination of Requirements

The reader will find that most if not all of the nutrient requirements described in the
subsequent chapters were established under rather specific conditions, including age, diet,
and choice of indicating parameter. Often times, the results were less than clear-cut, and
required corollary support from experiments with other species and other methods of
requirement determination. Several aspects lie at the heart of this problem. The first is that
the easiest, least invasive parameter to be measured may not be a meaningful endpoint, or it
may be adversely affected by a number of quite common situations, such as disease, stress,
pregnancy, etc. The second is that it is increasingly clear that homeostasis protects organ-
isms from deficiency or excess of a nutrient; this tends to obscure modest or even relatively
large changes in nutrient status. Third, attempts to correct for genetic variation, or to
provide a margin of safety, further confuse this situation. The emergence of molecular
biology techniques and knowledge offers the first true promise for an alternative approach
to the determination of biological dietary requirements.

This premise is based on the idea that the status of each mineral element is regulated
both intracellularly and at the level of the whole organism. Molecular biology offers the
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potential of identifying the specific biochemical mechanism, and it offers the potential to
monitor these changes in a meaningful way. A sensor or thermostat, which senses and
reacts to changes in the nutrient status, is at the heart of both mechanical and biological
feedback systems. Today, work identifying the integrated process for regulating intercellu-
lar iron storage (ferritin) and iron uptake (transferrin receptor) via the iron regulatory
protein (formally called IRE-binding protein and cytosolic aconitase) suggests that we are
close to understanding the specific feedback regulatory mechanism used to control iron
status within an individual cell. Similar mechanisms are likely to be obtained in the next
decade for zinc, selenium, and many other trace elements.

Equally exciting will be the characterization of these molecular feedback systems.
Evolution has undoubtedly refined these sensors to place them at an optimal range for
survival; the sensor is neither set so low that it makes the organism prone to deficiency nor
so high as to make the organism prone to toxicity. The molecular basis of a specific
biological setpoint remains obscure for virtually all nutrient feedback systems, but one can
envision an altered three-dimensional protein structure or replacement of an amino acid
ligand as mechanisms to modulate the binding constant of a sensor protein for its nutrient
target. For instance, replacement of a cysteine with a histidine undoubtedly would have
changed the affinity of a regulatory factor for zinc. In just this way, evolution may have
adjusted the regulatory factor that maintains intercellular concentrations of elements and or
circulating levels of elements at their optimal levels. The use of molecular biology tech-
niques should permit us to determine what nutritional levels correspond to the saturation
point of these sensors. For instance, comparison of the minimum dietary selenium require-
ment for maximum expression of enzyme activity or mRNA level for two distinct intra-
cellular glutathione peroxidase yields dramatic differences (21). The exciting aspect of this
fact is not that we can use molecular biology to determine nutrient requirements under the
usual conditions that have been used in the past, such as in the rapidly growing animal, but
because it will give us the ability to determine optimal nutrient requirements under less than
ideal conditions such as during infection, old age, or chronic disease. If the homeostatic
mechanisms is still operating, these new techniques will let us determine potentially where
the thermostat is set. Equally exciting, we may well be able to determine individual genetic
differences for a nutrient. For example, a recent report by Morrison et al. (22) found that the
wrong two alleles of the vitamin-D receptor have dramatic impact on bone density,
suggesting that a genetic approach has the potential to become, first, an important experi-
mental tool, and second, an important component in the determination of individual
nutrient requirements.

The implications of this concept are even greater. It is likely that there will be a gap
between saturation of the regulatory thermostat protein and the effector protein that
responds to the regulatory protein. Here, too, evolution may have changed the relative
affinities of these two proteins to provide optimal survival advantage under typical condi-
tions. The dietary difference between nutrient intakes that trigger the sensor protein and the
nutrient intakes that maximize responding protein could be called an evolutionary-derived
margin of safety; the gap between the level of dietary selenium necessary for maximal
glutathione peroxidase mRNA expression and for maximal glutathione peroxidase activity
may be such a margin of safety (23). The point is that careful determination of the
molecular mechanism may, for the first time, give us true insight into where evolution has
set the nutrient requirements; with this information the nutrient requirement could be based
on the intercellular and/or the organism setpoint. Second, we could determine how this
setpoint is changed depending on genetic variation, and third, we might no longer have to
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determine arbitrarily what margin of safety is necessary. For the mineral nutritionist willing
to use molecular biology techniques, the opportunity to unravel these processes is unlimited.

C. Pharmacologic or Conditional Levels of Essential
Elements

We are likely, however, to need to contain our excitement about the potential for molecular
biology to solve all of the nutrition questions related to nutrient requirements. Numerous
epidemiologic studies and prospective studies are identifying conditions that require nutri-
ent intakes outside the usual nutritional realm, and thus outside the formative evolutionary
pressures that may have shaped and refined the biochemical requirement setpoints. Exam-
ples outside the essential element area include supernutritional levels of vitamin E for
prevention of cardiovascular disease; and potential benefit of a synthetic compound,
aspirin, to prevent the development of overt cardiovascular disease in middle-aged men and
perhaps women. One long-standing nutritional example is fluoride, which may not have a
prescribed biochemical role, but which appears to have a defined level in the diet that
protects teeth against decay and bones against premature calcium loss. Another example
might well be the antitumorigenic effect of selenium at levels well above nutritional levels
required to maximize glutathione peroxidase expression. In both of these cases, maximum
protective levels may occur just at the onset of apparent toxicity. Second, these effects may
be antagonized by normal mechanisms that protect animals against toxicity.

In summary, sophisticated molecular nutrition techniques will be called upon in
exciting new ways to set safe and adequate levels of these conditionally essential nutrients.
Importantly, the protective regulatory and homeostatic mechanisms on which we have
relied to provide protection against day-to-day variation and against drift in requirements
due to disease state, health, stress, and age, are likely not to be in effect for these conditional
nutrients. Identification of proper reporter markers for setting these requirements is likely to
be an important area of nutrition research in the future.
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Calcium

Ferix BRONNER
University of Connecticut Health Center, Farmington, Connecticut

|. INTRODUCTION
A. Distribution of Calcium in Nature

Calcium is the fifth most abundant element of the globe. It is found in a variety of rocks,
such as aragonite or dolomite, and throughout most waters. The concentration of calcium in
seawater varies from 1 to 10 mM (1); concentrations of calcium ion in fresh waters tend to
be one to two orders of magnitude lower than in the oceans, but may reach the higher
concentrations found in the ocean if the ground waters come from reservoirs in limestone.
The latter are typically known as “hard” waters and are usually also high in magnesium.
The average calcium concentration of the crust of the earth is almost 1 mol/kg, with more
than 80% of the calcium found there occurring in the form of limestone (CaCQO,) deposits,
which therefore constitute the principal forms of calcium in the earth. Kretsinger (1), in
discussing these relationships, has called attention to the close link between carbon and
calcium in living organisms. Moreover, since calcium phosphate is fairly insoluble and
since phosphates and phosphorylation serve cells in a variety of ways (1)—to assure hydro-
philicity for metabolites, as leaving groups in nucleophilic displacement reactions, as
significant forms of energy storage (ATP), to link RNA and DNA—cells have to find ways
to keep calcium from tying up phosphate and preventing its utilization.

As cells evolved, they learned to get rid of excess calcium, adapting calcium
extrusion to a variety of cellular processes—protein secretion, intracellular signaling, and
the many calcium-dependent processes that have come to light in recent years. Thus the
conquest of the ocean by living systems, uni- and multicellular, was paralleled by their
ability to deal with the calcium in their surroundings. When organisms began to leave the
ocean to conquer the land, they required mechanisms of support and developed external and

13
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ultimately internal skeletons, calcium deposits which also served as storage depots, i.e., for
the accumulation and release of calcium, thereby maintaining the plasma calcium concen-
tration constant, typically 2.5 mM.

B. Distribution of Calcium in the Body

The adult human body contains easily 1 kg of Ca, with less than 1% of that amount found
outside the skeleton. The body’s calcium traffic, which will be described in detail later,
involves multiple gradients of calcium concentration and changes in state from solid to
liquid and back. Thus an individual may ingest 1 g of Ca daily, of which perhaps two-thirds
is in solution (as in milk) or readily solubilized, as from cheese. The remainder may be
ingested in solid form and require both digestion and solubilization before it moves across
the intestinal epithelium. The calcium concentration in the luminal fluid of the intestine can
readily reach 10 mM or higher, whereas the free calcium concentration of lymph and blood
is maintained at 0.5 and ~1 mM, respectively. Calcium enters bone from blood and is
precipitated in the form of various calcium phosphate phases, e.g., whitlockite, carbonate,
phosphate, hydroxyapatite.

When calcium is mobilized from bone, it changes its state from solid to solution and
returns to the circulation. Excretion in the urine involves a change in concentration, from
0.5 to 3 mM. Excretion in sweat and in the stool as endogenous fecal calcium (see below)
probably involves no change in concentration as the calcium passes through the skin or into
the intestinal lumen, but evaporation of sweat and water reabsorption in the intestine
markedly change the calcium concentration of the final product.

Total cellular calcium varies between 1 and 5 mmol/kg, but the free intracellular
calcium is ~100 nmol/L in most cells. Thus there is a very large gradient between free and
bound intracellular calcium, the latter accounting for nearly the entire cellular calcium. It is
undoubtedly this huge gradient that has made it possible for calcium to be such an effective
intracellular signal. The requirement for separation of calcium and phosphate signifies that
entry into the cell must be severely restricted, while cellular calcium extrusion must be at a
maximom. How these characteristics affect transcellular calcium transport and bone cal-
cium deposition and removal will be discussed in the relevant sections on transport and
bone calcium.

C. Calcium Movement in the Body

Figure 1 summarizes in schematic form the pathways that calcium follows as it is ingested,
absorbed, transported to and from the skeleton, and excreted from the body. Details of the
processes involved will be presented in the appropriate sections.

Il. CALCIUM IN FOOD AND DIET

If one classifies foods on the basis of their calcium content, then foods that contain more
than 2.0 mmol per portion include (2) milk, cheese, ice cream, broccoli, cheese pizza,
custard, Cream of Wheat, a whole orange (but not orange juice). Block et al. (3) have done a
detailed study of the dietary sources of calcium in the second U.S. National Health and
Nutrition Examination Survey (1976-1980) and found that dairy products contributed
about 55% of dietary calcium. However, if one considers that most calcium in white bread,
in many flours, and in other foods is contributed by the addition of milk powder, one can
estimate that calcium derived from dairy products constitutes about 70% of the calcium



Calcium 15

Vi

Bone

Intestine

FIGURE 1 Schematic diagram of the flow of calcium through the body. The Ca pool includes
calcium in solution in blood plasma, in the extracellular fluid, and in, or associated with, bone,
described in units of mass, e.g., mmol. v; = Ca ingested in food; v, = Ca absorbed from food; v,
endogenous Ca lost in stool; v, = Ca excreted in urine; v, = Ca excreted in stool; v, . = Ca lost from
the body via sweat, semen, menstrual fluid, milk; v, = Ca deposited in bone; v,_ = Ca resorbed from
bone, described in units of mass per unit time, e.g., mmol/day. v, = rate at which Ca enters or leaves
the pool, ie., =v, + v _ =v, + v, + v, + v, Inanonlactating organism, v, is generally
negligibly small. For illustrative numbers of the various parameters, see Table 4.

misc

intake, not very different from an earlier estimate (4). In 1984, U.S. women 35--50 years old
consumed on average 13.3 mmol of calcium, a mean value not much lower than what was
reported in 1959 (5). Both values are significantly lower, however, than the daily recom-
mended dietary allowance (RDA) for women of 20 mmol (6).

Men aged 19-50 years, on the other hand, consumed 125% of their RDA for calcium
when surveyed for one summer day in 1985 (7).

Increasingly, the diet of people in industrialized countries is made up of foods that
have undergone substantial processing. While processing of foods may alter their vitamin
content, the nature of their proteins, or cause the loss of trace minerals (8), the calcium
content of these foods is less likely to be affected. Moreover, processing may render a given
food more digestible, and fortification with nonfat dry milk powder enriches the food’s
calcium content.

. CALCIUM ABSORPTION
A. Digestion and Solubilization

Calcium becomes absorbed when it moves across the intestinal epithelium. Obviously, only
calcium that is in solution in the intestinal lumen can undergo absorption. Calcium may
already be in solution in a food before it is ingested, as in milk, or it may become solubilized
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as the result of the combined actions of gastric acid and intestinal enzymes and of intestinal
contractions and peristalsis, all of which act to bring about digestion and solubilization.

One aspect of the bioavailability of calcium is the degree to which it can be
solubilized from a given food. Clearly, the more completely a given food is digested, the
larger the fraction of its calcium that becomes available for absorption.

Consider the situation when CaCO, is fed as a salt and is the only calcium source in
the diet. In an individual with normal acid production in the stomach, the chyme as it leaves
the stomach will have a fairly low pH and—unless the quantity of CaCO, that has been
ingested is very large—all the calcium will be in ionic form. Some will then undergo
absorption in the duodenum. As the chyme travels caudad, its pH will go up and, depending
on the amount of calcium still in solution, some of the calcium may in fact precipitate. At
the neutral or slightly alkaline pH found in the lower intestine, no more than about 4 mmol
of CaCO, will dissolve per liter (9), and that is the maximum available for absorption in that
portion of the intestine. To be sure, as calcium is absorbed from the lumen, precipitated
calcium goes into solution. Hence the rate of absorption and the length of the time that the
chyme remains in a given intestinal segment will determine the amount absorbed.

If more than one calcium salt is present—e.g., carbonate and phosphate—the ratio of
the respective solubility products for each salt will determine how much calcium, derived
from each salt, will be in solution. In the case of monobasic calcium phosphate and calcium
carbonate, virtually all of the calcium in solution will be due to the phosphate, because the
phosphate is 18 times more soluble than CaCOj;. In other words, the availability of calcium
from CaCOj, is markedly reduced if other sources of calcium are present in addition to the
carbonate. In terms of overall availability of calcium, the fact that only a tiny faction of the
absorbed calcium is derived from carbonate, with most coming from other sources, is of
course of no practical significance, provided enough calcium is present in the lumen for
calcium absorption to proceed throughout the period the chyme remains in the intestinal
lumen. In the rat this is typically 3—4 h (10,11).

B. Transcellular Movement

Calcium moves across the intestinal epithelium by two routes (12): through the cell, i.e.,
transcellularly; and between cells, i.e., paracellularly. The transcellular movement is satu-
rable, regulated (largely by vitamin D; see Sec. VIIL.A), and takes place in the proximal
intestine, mostly the duodenum (Fig. 2). Paracellular transport occurs throughout the
intestine and does not appear to be subject to acute regulation.

Transcellular movement of calcium is a metabolically active process, requiring
oxygen, and is against a chemical gradient. It is experimentally demonstrated by means of
everted intestinal sacs (13,14), filled with and immersed in the same calcium-containing
buffer (15). When the outside solution of such a preparation is oxygenated, the tissue
accumulates calcium on the inside of the everted sac. Only sacs from the proximal intestine
transport calcium actively (12,15).

Intestinal loops can be prepared from all three segments of the intestine. As shown in
Figure 3, calcium absorption in the duodenum and upper jejunum, when evaluated by the
in-situ intestinal loop procedure (16), involves the sum of two processes, saturable and
nonsaturable, whereas no saturable step is observed in the ileum. Figure 4 shows the time
course of duodenal calcium transport, as evaluated by in-situ loops. As can be seen,
completion of absorption is concentration-dependent; i.e., it is completed by 30 min when
the instilled solution contains 10 mM Ca, whereas it is only half complete at 2.5 h when the
concentration of the instilled solution is 150 mM. If absorption were due to simple diffusion
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FIGURE 2 Calcium absorption in duodenum and ileum of vitamin D-deficient rats before and after
treatment with 1,25-dihydroxyvitamin D,. Male weanling Sprague-Dawley rats were fed a vitamin
D-deficient diet (1.5% calcium, 1.5% phosphorus) and about 4 weeks later, when they weighed 116
+ 4 g and their mean plasma calcium level was 5.6 = 0.1 mg/dL, calcium absorption studies by the in-
situ loop procedure were initiated. The left panels show calcium absorption of the duodenum and
ileum of the vitamin D-depleted animals (n = 72); the right panels show calcium absorption in the
duodenum and ileum of vitamin D-deficient animals that had received 3 ng of 1,25-(OH),-D, by i.p.
injection 12 h before sacrifice. (Reproduced by permission from Ref. 16.)
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FIGURE 3 Calcium absorption in three intestinal segments of rats. Seventy male weanling rats were
fed a high-Ca diet (1.5% Ca, 1.5% P) for 10 days. When their body weight averaged 77 + 1.2 (SE) g,
calcium absorption was analyzed by an in-situ loop procedure. J . (equivalent to V) (umol), and
slope P are given as mean values * SE. The experiment lasted 150 min, so the slope averaged 0.14
h~1. (Reproduced with permission from Ref. 16.)

alone, the extraction rate would be identical at all concentrations. Hence a saturable process
is involved.
The simplest description of a saturable process is the Michaelis-Menten relationship:

_ —dlCal,  V,[Ca] .
T dt K, +[Cal, M

a

where v, = initial rate and V,, = maximum rate of luminal Ca ([Ca],) efflux or rate of up-
take, and K|, = that concentration of calcium in the lumen, [Ca], , whenv, =V, /2. Integration
of Eq. 1 between the limits [Ca], at time = 0 and [Ca], at time = ¢ yields

[Ca], 4 [Ca], — [Ca], —Vut

"[Cal, K K @

m m

When K, is large compared to [Ca], — [Cal,, the second term of Eq. 2 becomes negligible.
Figure 5 is a plot of In [Ca],/[Ca],, against ¢. At low calcium concentrations (5 and 10 mM),
a straight line, with slope V /K, describes the data well. At a calcium concentration of 25
mM, the function is clearly curvilinear and the value of K, must be markedly smaller than
the prevailing calcium concentrations. It has been shown (12) that the function that fits the
loop data at 25 mM has a V, of 23 pmol/g/h and a K, of 3.9 mM; with the aid of these
values, theoretical time courses were calculated for calcium efflux at concentrations from
50 to 150 mM (Fig. 5). At the highest concentration, the theoretical time course no longer
fitted the data, which diverged widely from the theoretical curve. This can only mean that
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FIGURE 4 Time course of calcium efflux from in-situ duodenal loops. Male Sprague-Dawley rats,
40-50 days of age and 120-160 g body weight, were fed a semisynthetic diet containing 1.5% calcium
and 1.5% phosphate for approximately 10 days. Two days before experiment, animals were fed a low-
Ca diet (0.05% Ca, 0.2% P). Calcium at various concentrations, shown in the figure, was instilled in
the intestinal lumen. Efflux, estimated from the amount of 43Ca lost in the indicated time period, is
shown as percent absorbed. Each point represents a mean estimate of 2-6 loops; average SE is 7%.
(Reproduced by permission from Ref. 12.)

at high calcium concentrations, efflux from the loop was substantially augmented by a
process other than that which saturates at low calcium concentrations (12).

Transcellular movement of calcium involves three sequential steps: entry across the
brush border membrane; intracellular movement from one to the other pole of the cell; and
extrusion at the basolateral cell membrane. For each of these steps one can ask at what rate
and by what mechanism each takes place.

1. Calcium Entry

Calcium enters intestinal cells through the brush border membrane. It travels down an
electrochemical gradient, inasmuch as the luminal calcium concentration is in the milli-
molar range, whereas the free intraceliular calcium concentration is approximately 100 nM.
Also, the intracellular content is electronegative with respect to the intestinal lumen. In
principle, one can envision one of two possible modes of calcium entry into the cell: via a
channel or via facilitated diffusion, utilizing a transport molecule. Calcium uptake by
isolated brush border vesicles that have been sheared off the intestinal cells is appropriately
described by a curvilinear function. The latter has been interpreted as being due to a
transmembrane flux that is linear, followed by binding to the inside of the vesicle mem-
brane (17,18). Others (19-21) have analyzed the curvilinear function in terms of a linear
and a saturable component, interpreting the existence of the latter as evidence for mediated
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FIGURE 5 A plot of In[Ca/[Ca], against time, using the data of Figure 4. Lines shown are
calculated with use of Eq. 2, with V, = 22.25 umol/h/loop and K,, = 3.85 mM, with [Ca], = 1, 10,
25, 50, and 150 mM (left to right). (Reproduced by permission from Ref. 12.)

transport, i.e., a transporter. While current evidence is insufficient to reject the possibility
of a brush border transporter—an idea first advanced by Holdsworth (22)—calcium
movement is down an electrochemical gradient and calcium would flood the cell if there
existed no barrier to its entry (23). Consequently, the existence of a transporter seems
unlikely. Additional arguments against the existence of a transporter include the only
modest effect of vitamin D on calcium entry (17), even though vitamin D is the major
regulator of active, transcellular calcium transport (Fig. 2).

The ubiquitous presence of calcium channels makes it likely that entry into the cell is
in fact mediated by such channels. Both the nature and the number of channels in the
intestinal cell are as yet unknown. No report has appeared detailing the location of calcium
channels on the brush borders of intestinal cells; the existence of calcium channels on the
basolateral pole of ileal cells has been reported (24). In the colon, tension development
depends on extracellular calcium influx, mediated in turn by potential-dependent calcium
channels (25). Such channels have also been observed in the rabbit nephron (26). Based on
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analogy with calcium channels in guinea pig ventricular cells (27), a rat duodenal cell has
been estimated to contain 873 channels (12), a reasonable number. Functional evidence for
the existence of calcium channels in clonal rat osteosarcoma cells has been reported
(28,29). These cells have osteoblastlike characteristics and respond within seconds to 1,25-
dihydroxyvitamin D; with a 50-100% increase in intracellular free calcium (29,30).
Conceivably, the enhanced calcium uptake by stimulated intestinal cells (31) and by brush
border membranes isolated from vitamin D-repleted rats (17) utilizes a similar mechanism,
i.e., a calcium channe] that contains a vitamin D-sensitive element. A large, brush border
membrane-related particulate complex, a part of which is vitamin D-dependent, has been
identified (32) and assigned a transport role (33). Miller and colleagues (34) have identified
a membrane-bound, vitamin D-dependent calcium-binding protein from the brush border
which differs importantly from the cytosolic calbindin (CaBP, see below) and which may
represent the monomer of the larger protein of Kowarski and Schachter (32).

In summary, it is probable that calcium enters the duodenal cell through calcium
channels which may contain a vitamin D-dependent calcium-binding component. Entry is
down an electrochemical gradient at a rate that is probably not limiting for transcellular
calcium transport.

2. Intracellular Diffusion

Once calcium has entered the cell, it must diffuse through the cell interior to the basolateral
membrane where extrusion takes place. The rate at which a calcium ion diffuses through the
interior of an intestinal cell is given by Fick’s law, which may be written as

AD,
F = —%([Cal, ~ [Cal,) 3)

where

F = transcellular flux rate of the calcium ion
A = cross-sectional area of the intestinal cell
D, = diffusion coefficient for calcium ion in the cell sap at 37°C
[Ca], = calcium concentration at the brush border pole of the cell
[Ca], = calcium concentration at the basolateral pole of the cell
L = Length of the diffusion path, i.e., length of the intestinal cell

For a rat intestinal cell, A = 80 wm?2, L = 10 p.m, and the difference in calcium concentration
between the two poles can be reasonably estimated at 200 nM, since the average free
intracellular calcium ion concentration is typically 100 nM. With D = 3 x 1073 cm%*min
(35), F becomes 96 x 10~ 18 mol/min/intestinal cell. When the experimental value for the V,
of transcellular calcium flux is expressed on a cell basis, however, its value is some 70 times
greater than the calculated self-diffusion rate of calcium. This means that, in the duodenal
cell, calcium moves transcellularly at a rate some 70 times greater than the rate at which the
ion alone can diffuse. This implies that in the calcium-transporting duodenal cell there must
exist a mechanism that significantly and markedly enhances the self-diffusion of the
calcium ion. This is accomplished by the presence in the cell of a calcium-binding protein,
calbindin D-9K (M, = 9 kDa).

This molecule, discovered by Wasserman and colleagues (36-38), whose bio-
synthesis is totally dependent on vitamin D (39-41), contains two calcium-binding sites,
has a quaternary structure resembling an E~F hand (42), a pI of 4.3, and K, for calcium of
about 0.3 pM (43,44). Under conditions of maximum V. (Fig. 6), the calbindin (CaBP)
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FiGURE 6 Relation between intestinal calcium transport and calbindin (CaBP) content. A. V,
calculated from in-situ duodenal, jejunal, and ileal loop experiments, shown as a function of CaBP
content. Equation describing the relationship is V, = 0.59 + 0.26 CaBP, units as shown, n = 10,
r = 0.98. B. Calcium transport, as evaluated from everted duodenal sac experiments (90 min
incubation, 0.25 mM calcium), shown as a function of CaBP content. Equation describing relation-
ship is Ca transport = 0.070 + 0.00714CaBP, units as shown, n = 14, r = 0.97. Data from male
Sprague-Dawley or Wistar rats, 70 to 150 g body weight, fed a semisynthetic, high-calcium regimen
(1.5% calcium and 1.5% phosphate), with or without vitamin D. (Reproduced by permission from
Ref. 12.)

concentration in the cell is 0.2-0.4 mM (45), a concentration sufficient to augment the
diffusion rate of calcium to the required value.

Stein (23) has shown how Eq. 3 can be transformed to yield an expression that
predicts the augmentation factor for calcium diffusion in the cell:

Dygp X Tot CaBP X K pp
D¢, X (Keogp + [Cal)) (Kgp + [Caly)

AUG = “

where

AUG = augmentation of calcium flux, i.e., the ratio of calcium flow due to
calbindin compared with calcium flow in the absence of calbindin
D¢, pp = diffusion coefficient of calbindin
Tot CaBP = total calbindin concentration
K ,pp = dissociation constant of calbindin with calcium
[Ca],, [Ca], = Ca** concentrations at the two poles of the cell

As predicted (12,23) and found experimentally (Fig. 6), Feher et al. (46) report in their in-
vitro studies that ““the enhancement of transcellular [calcium] transport was nearly linearly
dependent on calbindin-D9K concentration.”

Stein (23) has shown that the augmentation factor predicted from Eq. 4 equals the
amplification needed, i.e., some 70-fold, and called attention to the three components of
Eq. 4 that contribute most to the efficiency of the transcellular transport systems: (1) a high
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ratio of calbindin to the free calcium ion concentration [(2 x 10~4 M)/10~7 MJ; (2) a high
ratio of the diffusion coefficient of the bound to that of the free substrate (It should be borne
in mind, however, that the bound calcium, being attached to a large carrier molecule, will
always diffuse more slowly than the free calcium ion.); (3) an optimal value for the
dissociation constant of the substrate-carrier complex. Feher et al. (46) have shown that the
experimental value of the K, of calbindin obtained in the presence of 0.1 M KCl, a situation
similar to what prevails in the cell sap, is optimum for enhancing transport. The value they
utilized, 4.3 x 107 M (46,47), was also used by Stein (23).

We thus see that intracellular calcium diffusion, the second of the three steps making
up transcellular calcium transport, is assured by and is in direct proportion to the quantity of
the intracellular calcium-binding potein, calbindin-D9K, whose action may be compared to
that of an intracellular ferry. It should be pointed out that this process is “‘exactly equivalent
to the process postulated to occur within the muscle cell (48), where myoglobin is thought
to ferry oxygen across the cell, thus speeding up the loading and unloading of oxygen from
and to the tissue” (23).

3. Calcium Extrusion

The intracellular free calcium concentration is in the 100-nM range, whereas the concentra-
tion of calcium in the extracellular fluids is in the millimolar range; calcium extrusion
therefore is necessarily against a chemical gradient. Since, moreover, the cell interior is
electronegative with respect to the outside of the cell, calcium extrusion is also against an
electrical gradient. It is effected by Ca-ATPase, a large, membrane-spanning molecule
(M_ = 123 kDa) that “couples the hydrolysis of ATP to the transport of Ca?*” (49).
Available information, based on the primary structure of the pump molecule from a cDNA
isolated from a human teratoma library (50), indicates that on the cytoplasmic side of the
membrane there is a calmodulin-binding domain and a cAMP-dependent phosphorylation
site. The latter is located near the carboxyl terminus. Also on the cytoplasmic side is a
putative calcium-binding domain somewhat nearer the N terminus, and a “hinge region,”
thought to bring about the conformational change in the transmembrane elements. This
change would then propel the calcium through the channel-like transmembrane elements to
the outside of the cell. The conformational change is thought to be the sequel to a
phosphorylation step, and the site on the molecule that is thought to undergo phosphoryla-
tion has been identified (51). While the general aspects of the molecular structure and pump
action are likely to apply to all Ca-ATPases, it should be emphasized that no detailed
structure of the intestinal Ca-ATPase has been published. Until specific information is
available, the picture of how the enzyme works must be regarded as speculative.

An important question with respect to the enzyme is whether pump activity is
sufficient to cope with transcellular calcium traffic. All cells are probably equipped with a
calcium extrusion mechanism, but is its capacity sufficient to meet the needs of the
duodenal cell? Ghijsen et al. (52) have estimated the V of isolated basolateral membrane
vesicles from rat intestine to be about 8.5 nM Ca/min/mg protein, a number subsequently
confirmed by Wasserman et al. (53). Inasmuch as only inside-out vesicles can dephos-
phorylate ATP that is added to a vesicle preparation and only about half of the vesicles are
likely to be inside-out, the actual V of Ca transport by these vesicles and therefore by
the basolateral membrane is more likely to be near 20 nM Ca/min/mg protein. Carafoli (54)
has estimated the V. of the general plasma membrane Ca-ATPase to be about 30 nM Ca/
min/mg protein. The enzyme therefore seems capable of handling maximum loads. Never-
theless, membrane preparations from vitamin D-replete animals seem to have maximum
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transport capacities that exceed those of preparations from vitamin D-deficient animals by a
factor of two to three (12,53,55), with no apparent change in the K, (53). This suggests that
vitamin D acts to increase the number of pumps per cell, but the mechanism by which this
occurs is not known.

In addition to a Ca-ATPase, many cells contain a Na/Ca exchanger, but this enzyme is
less widely distributed than is the Ca-ATPase (56). Na*/Ca2* exchange is an antiport
system, i.e., the translocation of calcium is coupled to sodium movement in the opposite
direction. Sodium enters the cell via the Na/K-ATPase, and the inward concentration
gradient thus established for sodium provides the energy for calcium extrusion (56). In
intestinal cells, Na/Ca exchange does not appear to play a significant role in calcium
extrusion (57), in contrast with Ca-ATPase which is the major mechanism for Ca extrusion
from duodenal cells.

C. Paracellular Movement

As pointed out above (Fig. 2), the nonsaturable component of transepithelial calcium
transport is found throughout the small intestine, with the rate of calcium movement
independent of the calcium concentration. This is evident from the fact that the slope of
calcium absorption, when plotted as a function of the calcium concentration of the instilled
solution (Fig. 2), is relatively constant throughout the intestine.

A compilation of in-situ loop experiments (58) showed that the average rate of
nonsaturable transepithelial movement of calcium was 0.16 h~!. In other words, approx-
imately 16% of the luminal calcium concentration was being moved per hour spent in
intestinal sojourn. This was verified in subsequent experiments (59), where the rate of
nonsaturable calcium movement was compared to the rate with which phenol red moved
transepithelially. Phenol red does not enter cells (60). The overall rate of transmucosal
movement of the ion and the dye were the same, 16% h~%.

Scattered through the literature are reports on changes in calcium absorption that in
all likelihood have resulted from a modification of the paracellular flow rate. Thus, Pansu
et al. (61) showed that the addition of either glucose or xylose to a solution instilled in a
jejunal loop—where active calcium transport is quite limited (Fig. 3)—doubled the rate.
Presumably this resulted from the fact that the solution was hyperosmolar so that body fluid
entered the lumen and distended the tissue, thereby increasing fluid transport out of the
lumen (62) and raising the net absorption of calcium. The same explanation is likely to
apply to the enhancement of calcium absorption in the ileum by various carbohydrates
(63,64).

Lactose has long been known to enhance calcium absorption, but the mechanism has
been uncertain (63—65). That lactose must act, as other sugars do, by enhancing paracellu-
lar transport of calcium, presumably due to hyperosmolar distention of the extracellular
passage, was shown (66) in experiments where rats were fed 30% lactose in their diet. Their
total calcium absorption increased, their fractional absorption decreased, and the active
CaBP-related transport was downregulated. Thus adding lactose in sufficient concentra-
tions to the diet caused the net level of calcium absorption to increase in a manner
equivalent to increasing the calcium content of the regimen from 0.4% to 0.7% (67). As
pointed out above, CaBP and active calcium transport vary inversely with calcium intake,
whereas net absorption varies linearly with intake (66,67).
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Other substances whose effect on calcium absorption may be mediated by their effect
on paracellular transport are amino acids such as r-lysine (68) or medium-chain tri-
glycerides (69). In neither of these cases does it seem probable that the active transport
process is modified; rather, modification of the intercellular pathway seems more probable.
Some detergents and bile salts may similarly enhance calcium absorption (69) by acting on
the paracellular pathway.

D. In Vivo Applications

As is evident from the above discussion and as was formulated many years ago by Wasser-
man and Taylor (64), calcium absorption is the sum of a saturable and a nonsaturable
process which may be formulated as follows:

V., x [Ca]_

v, = m + b[Ca]L ()

where

v, = amount of calcium absorbed per unit time e.g., mmol/h of mg/d
V., = maximum amount transported by the saturable component
[Ca}; = calcium concentration of the luminal fluid
K, = concentration of [Ca]; when V /2 has been attained
b = an apparent permeability constant, e.g., 0.16 h~! in the rat (58)

Under normal conditions, {Ca]; is proportional to the calcium intake, v, so that one can
substitute v, for [Ca]; in Eq. 5. If, however, the ingested calcium is highly insoluble, as
when CaCO,; constitutes the only source, then raising intake beyond the solubility of
calcium in the intestinal fluid will lead to no further absorption (70).

To apply Eq. 5 to what happens in vivo necessitates taking into account the functional
history of the organism under study, inasmuch as the value of V_at any time is the result of
prior calcium intake, vitamin D status, sex, age, and reproductive status. Figure 7 shows
how, in a group of male rats fed a high-calcium diet from weaning, V and CaBP (=
calbindin-D9K) varied in the course of development, whereas the passive component of
transepithelial calcium transport remained invariant after about 28 days of age. Absolute
values of V. and CaBP would be higher in rats raised on a low-calcium intake (67), and
active calcium transport seems to be downregulated with age (71,72).

Active calcium transport being totally vitamin D-dependent, it proved possible (12)
to estimate the value of V from experiments (73) with vitamin D-replete rats whose
calcium intake (v,) ranged from 45 to 115 mg/day, and vitamin D-deficient rats, whose
calcium intake ranged from 18 to 85 mg/day.

The values arrived at (12) were V=12 mg Ca/day and X, = 9.5 mg Ca/day. Inserting
these in Eq. 5 and using the experimentally derived mean value of 0.53 for the fraction of
calcium absorbed by these rats by the nonsaturable route in a 24-h period yields

12 xv,
Ya= 95+,

The values predicted for v, on the basis of Eq. 6 have been shown (70) to agree well with
experimental ones, if one takes into account that the numerical values for V. and K

+ 0.53v, 6)



26 Bronner

100 - CoBP

CaBP
nmoi Cay,/g tissue

Y/
Mmol/h /g tissue

NON-SATURABLE
ABSORPTION

0 @ - — PN NS O ®
OCO0O OO ULWOOMO OO OO
JllllLlllllll

percent/hr
N
=]
1

n
o
1

o
a1

NON-SATURABLE
ABSORPTION

T T 717 T

T T
0 40 80 100 160
AGE, days

FIGURE 7  The developmental course in rats of calbindin (CaBP), active calcium transport (V. ), and
nonsaturable absorption, i.e., of the paracellular route. Data obtained from experiments with male rats
fed a high-Ca diet (1.5% Ca, 1.5% P) from weaning. (Adapted from Ref. 206.)

are only approximate. An even better fit is likely if the value for V is derived from the
relationship between V. and calbindin, following experimental determination of the calbin-
din content in a given study. This relationship, derived from Figure 6, is

v, =—0.59 + 0.52 CaBP M

where
Y, = pwmol Ca transported/h/g
CaBP = nmol calbindin/g

(Note: 1 nmol calbindin = 2 nmol Ca,,.)

On the basis of the above analysis, it is evident that the most efficient way of
increasing the amount of calcium that is absorbed is to increase intake of calcium in a form
that is readily digested and solubilized. Increased intake will, with time, lead to diminished
absorption by the active route. The amount transported by the passive route, on the other
hand, increases with increased intake. Because of the downregulation of the active transport
route with increased calcium intake, the relative role played by the active transport route
also decreases as calcium intake increases. This is readily appreciated by inspecting Eq. 5,
whose first term approaches V as the luminal calcium concentration, [Ca];, which nor-
mally varies with intake, v;, becomes large in relation to X, . As aresult, the proportion of v,
contributed by the second term of Eq. 5, i.e., by the paracellular route, becomes dominant,
particularly as V. goes down with increased calcium intake (67). In the vitamin D-replete
rat on a high-calcium intake, CaBP and presumably V respond very rapidly to exogenous
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1,25-dihydroxyvitamin D,, increasing within 1 h of the injection of the metabolite (74).
Vitamin D-deficient rats take several hours to increase CaBP levels in response to exog-
enous 1,25-(OH),-D, (40,74). Since dietary manipulation leads to relatively rapid changes
in the serum levels of 1,25-(OH),-D,, up- and downregulation of the active transport
component will happen relatively quickly—within 24 h in the rat—so that dietary manipu-
lation of calcium intake is an effective and safe procedure. Administration of vitamin D
will, to be sure, enhance the active component of calcium transport, but it needs medical
supervision and may lead to other complications, such as hypercalcemia, hypercalciuria,
and depressed bone turnover (75).

IV. CALCIUM IN BLOOD
A. Biological Description

Virtually all blood calcium is found in the plasma, so the plasma calcium content, 2.5 mM,
is the parameter dealt with in biology and medicine. The plasma calcium concentration is
closely regulated in vertebrates. It has about the same value in all species and varies little
with age and physiological status. A notable exception is the laying hen, whose total plasma
calcium level may reach 5 mM, but whose dialyzable free plasma calcium concentration,
like that of all other vertebrates, lies between 1 and 1.5 mM. The major calcium-binding
protein that is responsible for the high calcium concentration of chicken plasma during the
egg-laying cycle is vitellin.

Table 1 lists the compounds and forms of calcium in human blood, typical of
mammalian blood. As shown in Table 1, somewhat less than half of the total plasma
calcium is bound to protein, albumin being the major component. Somewhat more than half
of the plasma calcium is not bound to protein, mostly in the form of the free ion, and a small
portion, ~ 6%, is bound to citrate, phosphate, and other complexes. Although dissociation
constants between calcium and its ligands in the plasma vary, the rate at which equilibrium
is established with albumin is so rapid (<5 s; 77) that total and ionized calcium concentra-
tions will give equivalent functional information under nearly all circumstances, even
though it is the ionized calcium concentration that is the relevant functional variable.
Automated methods for measuring ionized calcium in plasma now exist, but in general still
seem to be less reliable than automated methods for measuring total plasma calcium. In any
event, current data support the older literature that the ionized calcium concentration in
human plasma is between 1.1 and 1.2 mM (for further discussion, see Ref. 78).

TasLE 1 Distribution of Calcium in
Normal Human Plasma

Form mM  Percent of total
Tonized 1.18 475
Protein-bound 1.14 46.0
Phosphate 0.04 1.6
Citrate 0.04 1.7
Other complexes  0.08 32
Total 2.48 100.0

Reproduced from Ref. 76.
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Plasma calcium levels tend to be higher in men than in women (79) and to decrease
with age (79-81). As will be shown later, the age-dependent decrease in plasma calcium is
related to the increasing proportion of hydroxyapatite as bone mineral matures. As a result
the average calcium-binding sites in the skeleton have a higher affinity for calcium, causing
the plasma caicium to drop.

The plasma calcium is in extremely rapid, dynamic equilibrium with calcium in the
extracellular fluid, plasma constituting about 17% of the extracellular fluid volume (82,83).
Evidence for this comes from experiments in which calcium was injected intravenously or
intraperitoneally, and the plasma concentration dropped with a £, , of <1 min to about one-
sixth of what it would have been if none of the injected calcium had left the plasma com-
partment (84,85). Following this initial expansion, the calcium load is disposed of in a
strictly exponential manner; in other words, the plasma calcium concentration, elevated due
to a positive load or depressed due to a “‘negative” load—e.g. intravenous injection of a
calcium chelator such as EDTA (86)—returns to the pretreatment (baseline) value with a
t,, that approximates the time it would take for the plasma to be cleared of half of its posi-
tive or negative load in about 27 circulations (87). This value was arrived at because, in the
dog, approximately 5% of the cardiac output goes to the skeleton (88). Moreover, 50% of
the 45Ca that enters the circulation of a dog’s femur is extracted from the blood (89). If one
assumes that this figure also applies to the reduction of calcium load, then 2.5% of the
plasma calcium would be cleared by bone in one circulation and it would take 27 circula-
tions (In 0.5/In 0.975) to clear the blood of half of its circulating (positive or negative) load.
Circulation times multiplied by 27 should then represent the ¢, , of load reduction in various
species.

In addition to bone, the other major gateways for calcium entry to and exit from the
circulation are the gut and the kidney. The latter in particular has often been implicated as a
significant regulator of blood calcium (90). If, however, one calculates the time required for
a load to be cleared by the kidney or the gut, it is apparent (87) that neither of these organs
can compete effectively with bone.

The initial pool of virtual distribution of calcium, i.e., what is likely to represent the
extracellular water, seems to be largely independent of the functional state of the organism.
In other words, a calcium load will be diluted approximately sixfold, whatever the state of
the organism. On the other hand, as evident from Table 2, the rate at which the blood is
cleared by the skeleton of its calcium load is very much dependent on the endocrine status
and the age of the individual. Thus, as Table 2 shows, the rate of clearance—i.e., the rate at
which the error in the plasma calcium is being corrected—is much faster in young than in
old dogs and much faster in euparathyroid than parathyroidectomized rats.

B. Regulatory Model

To explain how bone can overcome a calcium load, it is first necessary to analyze the nature
of the interaction of plasma calcium with bone. As shown by Table 2, the time of return of
the plasma calcium to the preload level is the same whether the load is positive or negative.
1t therefore appears that each time the blood plasma courses over bone, half of the positive
or negative difference between the concentration of the plasma calcium as it enters and
leaves the bone is abolished. Consequently, the plasma calcium seems to be in rapid,
dynamic equilibrium with calcium-binding sites in bone.

The concept of a dynamic equilibrium derives support from the analysis of plasma
disappearance curves following the intravenous administration of tracer calcium. When
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TaBLE 2 Response Times to Calcium Loads

Species  Hormonal status? Ca Joad and route® t,, (min)
Rat N 3.8 mg/animal, i.v. 14
N 2-18 mg/animal, i.p. 225*20
-D 2~15 mg/animal, i.p. 51.0 £ 25
PTX 8 mg/animal, i.p. 53
CTX 8 mg/animal, i.p. 41
Dog N 10 mg/kg, i.v. infusion 58
N —10 mg/kg, i.v. infusion 80
N (young) not given 23.0 £ 08
N (mature) —4.3 to —8.3 mg/kg, i.v. infusion 78.0 * 12

&N = normal; —D = vitamin D-deficient; PTX = parathyroidectomized; CTX = endogenous
thyrocalcitonin supply excised.

bA negative sign before the load indicates that a calcium chelator was given to depress the
plasma calcium to the same extent to which a positive load would have raised it; i.v. =
intravenous route; i.p. = intraperitoneal route.

Reproduced from Ref. 87 with permission.

analyzed in terms of a four-termed exponential expression (91,92), the first term, with a
half-time of less than 1 min, represents dilution into the extracellular fluid, as described
above, whereas the second term, with a half-time in terms of minutes, is the equivalent of
the clearance of calcium by bone (93-95). The later terms of the disappearance equation
have been taken to represent losses from the calcium pool due to excretion and long-term
bone calcium deposition (91,92,96).

The qualitative and quantitative similarity between results obtained with the use of
calcium loads and isotopic calcium gives special significance to the observation (89),
already referred to, that about half of the tracer calcium is extracted in a single passage of
the circulation that enters bone, yet the total calcium concentration of blood that enters and
leaves bone is unchanged. Bone must therefore contain calcium-binding sites that are in
rapid and dynamic equilibrium with the plasma calcium.

Such a dynamic equilibrium is generally considered in terms of the solubility product
of ionic calcium and phosphate in the blood. However, the equilibrium for bone calcium-
binding sites can be equally well described in terms of an apparent half-concentration, K.
When there is no net gain or loss of calcium from the plasma, the free energy of calcium
binding must be zero. Consequently, the plasma calcium level [Ca ] must equal the mean
K,, of the bone calcium-binding sites. In other words, K, = [Ca].

The rapidity with which the equilibrium between blood and bone is established can
be assessed by calculating the apparent permeability constant P for a dog of 10 kg whose
trabecular bone surface area, 4, is 1.6 x 10* cm? (97). P = (0.693V)/At,,,, where V is the
volume of plasma cleared. With a circulation time of 40 s (99), the value of P is 0.5 X 103
cm~! (87). This value is comparable to what can be conservatively calculated for the
vitamin D-deficient rat duodenum (12), where calcium moves paracellularly, but not
transcellularly. As pointed out earlier (Sec. IILB), it is the presence of the intracellular,
vitamin D-dependent calbindin-D9K that assures transcellular calcium transport at a rate
compatible with the experimental V_ (Fig. 6). It is as yet uncertain whether bone cells
contain any calbindin, but its concentration in bone cells is at best 1% of that in the vitamin
D-replete duodenal cell (45). The low calbindin content of bone cells, combined with the
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relatively high apparent permeability of bone for calcium, makes it unlikely that calcium
enters bone by fluxing through bone cells. Rather, calcium must move between bone cells,
with the calcium-binding sites therefore located on (or in) the bone mineral itself.

The nature and type of calcium-binding sites in bone mineral have not been described
as such. However, at least five phases of calcium phosphate are likely to occur in bone
(Table 3). Inasmuch as calcium-binding affinity varies inversely with solubility, then the K,
must also. Because the calcium phosphate phases with the highest calcium-to-phosphorus
ratio are least soluble, they must have the lowest K, . Moreover, the average K, of a given
section of bone will depend on the relative content of the various bone salts. Mature bone,
having a high content of hydroxyapatite, would therefore be associated with alow K, and a
relatively depressed plasma calcium level, whereas in newly forming bone the bone salt
would be less mature and its average K, and the associated plasma calcium level would be
relatively high. Shifts in the mean K, and associated plasma calcium level would then be
brought about by shifts in the proportions of calcium-binding sites in bone.

The question then arises how those rapid shifts in the proportion of calcium-binding
sites, leading to a change in the K, , can be brought about. To illustrate the speed with which
plasma calcium changes, it is only necessary to recall that, following parathyroidectomy,
the plasma calcium drops with a ¢;,, < 2 h (86) from the normal or reference level of 2.5
mM to approximately 1.5 mM. This means that the average K, of calcium-binding sites in
bone has changed. Conversely, if parathyroid hormone (PTH) is administered, the well-
documented rise in plasma calcium that follows must parallel a comparable rise in the
average K . Calcitonin injection leads to a rapid (,,, < 15 min) transient drop in plasma
calcium (100), which would result from the postulated drop in the average K, of the
binding sites.

The model of regulation that has been proposed (87) is based on the rapid changes in
shape that bone cells have been observed to undergo (101,102). Osteoblasts and osteo-
clasts, together with the bone-lining cells and osteocytes, constitute the cell population of
the mammalian skeleton, but only osteoblasts and osteoclasts are metabolically active
(103) and are the cells that primarily regulate bone growth and turnover.

Osteoblasts possess receptors (102) for PTH and 1,25-dihydroxyvitamin D,, 1,25-
(OH),-D;, whereas only osteoclasts possess receptors for calcitonin (102,104,105), the
third of the three major calcitropic hormones (see Sec. VIII). A very early response of
osteoblasts to PTH (101) or 1,25-(OH),-D, (102) is to round up, followed by a cascade of

TaBLE 3 Solid Phases of Calciurn Phosphate Linked to
Biological Calcification?

Name Formula Molar ratio of Ca to P
Hydroxyapatite Ca,(PO,)((OH), 1.66
Whitlockite (Ca,Mg),(PO,), 1.50
Amorphous CaXPO, Cay(PO,)4(variable) 1.30-1.50
Octacalcium phosphate  CayH,(PO,),-5H,0 1.33

Brushite CaHPO,-(2H,0) 1.00

®Listed in order of increasing acidity, solubility, and, by inference, increasing X,,,
i.e., decreasing calcium-binding affinity.

Note: At least 90% of the cystalline solid is hydroxyapatite, based on X-ray diffrac-
tion analysis (98).

Reproduced by permission from Ref. 98.
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events such as inhibition of collagen synthesis (106,107), characteristic either of an ar-
rest or a marked slowing of metabolic activity. Calcitonin, on the other hand, induces a
rounding up of osteoclasts and inhibition of their metabolic activity (102,104).

The rounding up of osteoblasts is thought to lead to an opposite shape change in
osteoclasts, i.e., their spreading out and extending apposition to the bone surface (108).
Contrariwise, the rounding up of osteoclasts, as under the influence of calcitonin, allows
osteoblasts to extend and to enhance their metabolic activity. For example, calcium reple-
tion of calcium-deficient rats, whose PTH levels are high (109), has led to lowering of PTH
levels and to rapid positional changes in osteoclasts, these cells clearly lifting off the bone
surfaces (110).

Shape changes of bone cells may be thought to be associated with changes in the
average calcium-binding affinity of bones by causing a change in the relative proportion of
high- and low-affinity calcium-binding sites. It is therefore hypothesized (87) that osteo-
blasts, when extended and apposed to bone, block the low-affinity extremes of the popula-
tion of calcium-binding sites (Fig. 8A). But when osteoblasts retract under the action of
PTH or 1,25-(OH),-D,, they expose these low-affinity sites (Fig. 8B).

Conversely, osteoclasts may be thought to be associated with binding sites that have
high affinity for calcium. Thus, when osteoclasts are caused to contract, as under the action
of calcitonin (Fig. 8C), high-affinity calcium-binding sites are exposed.

When osteoblasts contract, the proportion of low-affinity binding sites goes up for
two reasons: More are exposed as a result of the contraction of osteoblasts; and osteoclasts,
which are associated with binding sites that have a higher calcium-binding affinity, tend
to spread out over the bone surface, covering up high-affinity binding sites. The result is a
rise in K, and in the plasma calcium.

When osteoclasts contract, the proportion of high-affinity calcium-binding sites goes
up because high-affinity binding sites are exposed and because osteoblasts, in extending
over the bone surface, now cover more low-affinity binding sites. Consequently, the
proportion of high-affinity sites increases, the K, goes down, and the plasma calcium falls,

That osteoclasts and osteoblasts are associated with bone surfaces that differ in
calcium-binding capacity can be inferred from studies using biphosphonates (111) and
gallium (112,113). Both of these substances inhibit osteoclastic action specifically, pre-
sumably by becoming associated with bone salt sites that would normally be attacked by
osteoclasts.

Changes in the rate of 45Ca movement into and out of bone have been shown to be
quite rapid after hormone addition. In chicks and rats, calcium uptake by the femur was
reduced to nearly half within 3 min of PTH injection (94). In chicks, following the injec-
tion of 16,16-dimethyl prostaglandin E2, calcium uptake by bone was markedly reduced,
whereas cCAMP levels in the bone cells increased in parallel (114). These responses are too
rapid to be accounted for by changes in the synthesis or degradation of proteins that regulate
calcium deposition or removal. They are of the right time scale, however, to have resulted
from changes in cell shape, presumably involving such hormonally induced biochemical
signals as changes in ion channel permeability (115) and in cCAMP (116).

Shape changes of osteoblasts and osteoclasts need not constitute the sole mecha-
nism for changes in binding-site affinity. Cell-mediated changes in the pH of the immediate
surroundings of a calcium-binding site or liberation of protein factors may contribute to
affinity changes. Moreover, shape changes are only a first step in the cascade of events that
lead to long-term bone deposition and remodeling.

Four factors play major roles in determining the rate at which the skeleton responds
to a calcium load: (a) circulation time, which increases with age (117); (b) the fraction
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FIGURE 8 Diagram representing the effect of the acute administration of parathyroid hormone
(PTH) or calcitonin (CT) on the spatial relationships of osteoblasts and osteoclasts on a bone surface.
The open and closed circles represent, respectively, the K, values of high-affinity and low-affinity
bone calcium-binding sites. Diagram A represents a normocalcemic situation, with an equal number
of high- and low-affinity sites. Diagram B represents the result of PTH administration, where the
shrinkage of osteoblasts has exposed low-affinity sites and the associated expansion of osteoclasts has
blocked high-affinity sites, leading to an average K, of 13 and hypercalcemia. Diagram C represents
the result of CT administration, where the shrinkage of osteoclasts has exposed high-affinity sites and
the consequent expansion of osteoblasts has blocked low-affinity sites, leading to an average K, of
8§ and hypocalcemia. Note: High-affinity sites are considered to have an apparent K, of 5 mg Ca/dL,
and low-affinity sites an apparent K, of 15 mg Ca/dL. For the sake of convenience, the K, s refer to
total plasma calcium, rather than the theoretically correct ionic calcium concentration, approximately
half of the total. Bone mineral with a high Ca/P ratio is considered to have a relatively higher affinity
for calcium binding than bone mineral with a low Ca/P ratio (see text and Table 3). (Reproduced with
permission from Ref. 87.)

of cardiac output that goes to bone, which decreases with age (118); (c) the nature of the
bone mineral, which affects the extraction rate; and (d) the driving force, i.e., the differen-
tial between the plasma calcium level as it enters the skeleton and the mean K, of the bone
calcium-binding sites.

Factors (a), (b), and (c) may be considered responsible for the slowing of the rate of
return (or reduction of the error correction rate) that differentiates young and old dogs
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(Table 2). The absolute plasma calcium level of young and old dogs is similar, hence their
mean K, —i.e., the proportion of high- to low-affinity bone calcium-binding sites—must
be similar. The difference in the error correction rate would arise therefore from a slower
circulation rate, a smaller fraction of the cardiac output going to bone, and perhaps a smaller
extraction rate.

Rats deprived of their endogenous calcitonin have a slower error correction rate than
normal animals (Table 2), yet their skeletons are neither smaller nor less well mineralized
than those of controls (100), their plasma calcium is the same as that of controls (100), and
there is no reason to believe that cardiac output or circulation time is altered. Hence factors
(a), (b), and (c) would not come into play. Instead, a difference in driving force can be
postulated, as follows. In normal mammals, calcitonin is released when plasma calcium
rises acutely (119), acting directly on osteoclasts (104). This leads to osteoclast retraction
and the exposure of high-affinity binding sites. In turn, this results in a greater driving force
for calcium deposition and an increase in the rate at which normocalcemia is restored. In
animals without calcitonin, this response cannot occur and the half-time of error correction
is correspondingly lengthened.

A difference in driving force can also explain why parathyroidectomized (PTX)
animals require more time to overcome a positive calcium load (see Ref. 87 for details).

The explanation involving a driving force cannot apply to vitamin D deficiency,
which in some ways resembles parathyroidectomy, yet vitamin D-deficient rats have
maximum levels of circulating PTH (109). It is the low absolute amounts of bone in vitamin
D deficiency (73) that are likely to cause calcium extraction to be reduced [factor (c)],
hence leading to a lengthening of ¢,,, of the error reduction rate.

The preceding discussion makes it obvious that ablation of hormonal control, due to
PTH, calcitonin, or vitamin D, reduces the rate at which an error in plasma calcium is
overcome by bone. It is bone, however, whether or not under hormonal control, that is the
principal regulator of the plasma calcium and that is responsible for causing the plasma
calcium to return to its preload level and to maintain it at that level.

V. INTRACELLULAR CALCIUM

Three mechanisms contribute to maintaining a low intracellular calcium concentration:
(a) alimited entry rate, governed by a limited number of plasma calcium channels, probably
less than 1000/cell (12); (b) a significant intracellular store of calcium-binding sites, found
in the various cell membranes, the endoplasmic reticulum, in and on the various organelles,
with mitochondria playing a major role; and (c) efficient extrusion mechanisms, i.e., Ca-
ATPase and Na/Ca exchanger. ‘

Entry and extrusion mechanisms have already been described in the relevant sections
‘on transcellular calcium transport (Sec. II1.B). Different cells and tissues may have specific
entry and extrusion mechanisms that differ in structural and/or functional details from the
general model. For example, the vitamin D-dependent protein (32,33) or peptide (34) that
occurs in intestinal cells, and that may play a role in modulating calcium entry into the
intestinal cell, may be specific to that cell, as there is no logical requirement that calcium
entry into cells which do not transport calcium be enhanced by vitamin D. Similarly, while
vanadate is an effective inhibitor of the plasma membrane Ca-ATPase, it has little effect
on the renal Ca-ATPase (120). Whereas calmodulin modulates the activity of the Ca-
ATPase of plasma membrane or cardiac sarcoplasmic reticulum, it does not seem to do so
in the case of the liver plasma membrane enzyme (121).
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In resting liver cells, as in most cells, the free intracellular Ca2* concentration is
in the 100-nM range. In stimulated hepatocytes, the intracellular free calcium concentration
reaches 600 nM and, when the cells are under oxidative stress, intracellular calcium may
reach micromolar concentrations. Moreover, total cytosolic calcium of liver cells is 3—4
mmol/kg dry weight. It is obvious, therefore, that liver cells, like other cells, have signifi-
cant cellular calcium stores. These include the rough and smooth endoplasmic reticulum,
the Golgi complex, mitochondria, inner and outer leaflets of the plasma membrane,
lysosomes, and possibly secretory granules. (For documentation and further discussion
of the liver cell, see Ref. 122.) The endoplasmic reticulum probably contains the largest
fraction of intracellular calcium, perhaps a quarter of the total (123)—easily four times that
found in the mitochondria. This quantitative disparity would not necessarily make it
unlikely for mitochondria to play a major role in intracellular calcium regulation, as
proposed by Lehninger et al. (124), since mitochondrial calcium might turnover more
rapidly than that of other organelles, but more recent analyses have made it less likely that
mitochondria play a significant regulatory role (125).

External signals to cells, such as hormones, neurotransmitters, or growth hormones,
are detected by receptors located on the outer aspect of the plasma membrane and transmit-
ted to the cell interior by second messengers. 1,2-Diacyl glycerol and myo-inositol 1,4,5-
trisphosphate (Ins 1,4,5-P,) are two major messenger molecules (122). Ins 1,4,5-P, causes
calcium to be released reversibly from intracellular calcium stores, typically the endo-
plasmic reticulum; the released calcium is the “calcium signal” or “second messenger.”
The released calcium travels to various intracellular locations and, depending on the cell in
question, induces a calcium-dependent reaction. Since the discovery of these events in 1983
(126; for more details see 127) a very large number of cellular events have been shown to
involve and/or be mediated by calcium signaling. Typical examples include cell volume
regulation (128), egg activation (129) and fertilization (130), growth factor-induced
changes in cell proliferation (131), secretion, as in adrenal chromaffin cells (132), transmit-
ter secretion from presynaptic nerve terminals (133), and platelet activation (134), to name
just some of the many processes that seem to involve calcium signaling.

While Ins 1,4,5-P, is involved in all instances in the release of the calcium signal
from an internal source, it is less certain whether this inositol molecule is also involved in
calcium gating and/or the uptake of calcium from the extracellular milieu (127). The
quantity of calcium released for signaling is generally so low that this alone would not
necessarily lead to increased calcium influx. In other words, whether calcium channels, the
entry ports for calcium, are closely linked to or regulated by phosphatidyl-inositol turnover
is not established. Moreover, while Ins 1,4,5-P, plays a key role in mediating intracellular
release of calcium, it has not yet been demonstrated that this molecule is formed fast
enough to account for the very rapid release of Ca?* (250 ms, Ref. 134). Protein kinase C
and elevation of cAMP inhibit calcium mobilization (134) and may therefore inhibit
processes stimulated by the calcium signal, e.g., secretion, contraction, or changes in
conductivity.

An interesting but as yet incompletely understood phenomenon of calcium signaling—
or intracellular calcium movement—involves discrete transients or oscillations (135).
Oscillations may result from fluxes across the plasma membrane or from fluxes across
intracellular membranes. In hepatocytes (136) agonists that act via Ins 1,4,5-P, provoke
dose-dependent increases in intracellular free calcium, with oscillation frequency increas-
ing, the latency period decreasing, but the amplitude of the oscillations remaining constant,
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In the case of the hepatocytes, the changes in intracellular calcium concentrations are
initiated at a specific subcellular domain, adjacent to the plasma membrane, and are then
propagated through the cell in the form of a wave. The most reasonable explanation of this
phenomenon at present is a calcium-induced calcium release. Something like this is also
thought to occur in the muscle cell of the heart (137; see also below). Thomas and Renard
(136) propose that the oscillating calcium signal may function to allow all parts of the
cell to respond to the stimulus.

The muscle cell is probably where intracellular calcium traffic is most elaborate and
tied most closely to its function. Langer (137) has reviewed the sequence of calcium
movements in the muscle cell in the course of a contraction cycle. When the cell becomes
depolarized, calcium enters via L-type calcium channels, the best characterized voltage-
sensitive calcium channels (for further description, see Ref. 138). Entry occurs during the
plateau phase of the action potential and induces calcium release via the “feet,” i.e., the
connection between the sarcoplasmic reticulum and the sarcolemma. Calcium that is
released is the major source of the calcium-activating contraction. As calcium enters the
narrow subsarcolemmal space, calcium concentration of the space goes up transiently,
thereby activating the Na/Ca exchanger, which then extrudes calcium even as the myofila-
ments are being activated. The rate of calcium efflux is such as to maintain the cellular
calcium at a steady state.

As the myocardial cell repolarizes, calcium is pumped into the longitudinal sarco-
plasmic reticulum, at the same time diffusing into the cistern. Calcium extrusion via the
exchanger continues and calcinm is pumped out through the diastole by the calcium pump
of the sarcolemma, the pump being a Ca-ATPase (139).

In summary, it appears that intracellular calcium is very closely controlled, with rises
in intracellular calcium, when due to external signals such as hormones or neurotransmit-
ters, serving as intracellular signals which in turn elicit calcium-dependent processes such
as secretion, contraction, etc. Transient rises in intracellular free calcium are readily
overcome by calcium becoming bound to a large number of organelles. Calcium entry is via
channels, and calcium extrusion is via the Na/Ca exchanger and the Ca-ATPase. In
specialized cells such as muscle cells, intracellular calcium is shuttled back and forth via
intracellular pumps.

VI. CALCIUM IN BONE

Calcium, along with phosphate, constitutes the principal structural substance of the skele-
ton that gives vertebrates their internal support and, in the case of people, allows them to be
erect. The skeleton constitutes about 16% of an adult’s body weight. Forty-seven percent
of the skeletal weight is dry, fat-free bone, and 26% of the latter is calcium (140). Table 3
lists the various phases in which calcium phosphate occurs in bone. The precise order in
which calcium is precipitated and the path it follows as calcium salts mature and become
increasingly less soluble is not yet known. The final calcium salt is a carbanato-
hydroxyapatite, i.e., an apatitic type of calcium phosphate that also contains, at least on the
surface, calcium carbonate. The mechanism of calcification, many years of study notwith-
standing, is not fully known. The initial calcium phosphate is deposited on or inside
collagen fibrils that have formed extracellularly from collagen molecules that had been
extruded by osteoblasts, the bone-forming cells. Once the calcium phosphate molecule is in
place, additional calcium phosphate is deposited by accretion so that the calcium salt is
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arranged in a very orderly fashion. The crystals are platelike, with a long axis that is 30-70
nm, and a short axis that is 10-25 nm (98). The surface layers of the bone crystals constitute
50% of the newly formed crystals, but ultimately, in the fully mature crystal, they constitute
only about 25% of the fully mature crystal volume (98).

The principal function of the metabolically active osteoblast is to produce the
collagen which represents the major component of the extracellular matrix on which
calcium phosphate precipitates. Depending on species, age, and type of bone, osteoblasts
cover some 5-10% of the bone surface. They are more numerous in trabecular than in
cortical bone, more numerous in young than in mature bone, and their capacity to respond
to fracture—i.e., the ability of connective tissue cells to respond to the osteoinductive
stimulus that results from fracture—is diminished with age. Osteoblastic activity also
diminishes with age (98). From Eriksen’s data, as tabulated by Simmons and Grynpas (98),
bone remodeling by osteoblasts and osteoclasts takes around 10 days in humans, but
mineralization of sites laid down by osteoblasts takes an order of magnitude longer, i.e.,
some 100+ days. The extracellular matrix in which mineralization takes place also con-
tains numerous molecules; some bind calcium, all in some way seem to aid in bone
formation and mineralization, even though in many instances specific functions are not
known. For a more detailed review of these molecules, see Refs. 141-143.

Calcium exists in bone in two forms: in solution, as part of the fluid that surrounds
and exists in bone, and in a solid state, as the phases of calcium phosphate described above
and listed in Table 3. The bone calcium pool contains five to six times more calcium than is
found in the extracellular fluid, but constitutes only a small fraction of the total body
calcium. For example, in a 220-g male rat, the extracellular calcium amounts to 0.67 mmol
of Ca, the bone calcium pool contains about 3.45 mmol of Ca, whereas the total skeletal
calcium amounts to about 120 mmol of Ca (144).

The bone calcium pool serves two functions: as the source of calcium that becomes
deposited as bone salt, and as the source of exchangeable calcium, i.e., the calcium that
leaves and reenters blood, with the concentration of blood plasma calcium determined by
the average calcium-binding capacity of the bone salt.

In the example of the male rat quoted above, the bone calcium pool turns over about
1.3 times per day, with bone calcium deposition constituting about 43% of the total calcium
flow into the bone calcium pool. The fraction of calcium entering the bone calcium pool
that then undergoes a phase transformation to become bone salt diminishes with age more
than does the total flow of calcium into the bone calcium pool (Table 4).

Bone calcium resorption, i.e., the phase transformation of solid to solution and the
return of that calcium into the circulation, also decreases with age, but somewhat less
rapidly than does the bone calcium deposition rate. As a result, the individual goes into
negative bone calcium balance; i.e., the bone mass decreases. This is illustrated in Table 4.
Note in particular in Table 4 how the bone calcium deposition rate decreases with age and
sex in humans and rats, with corresponding decreases in the calcium balance.

Modeling and remodeling of bone also involve structural changes, i.e., osteoclast-
mediated dissolution of calcium and partial or total degradation of the extracellular matrix
from which the bone salt has been removed. These structural changes proceed necessarily
more slowly than the initial steps which involve calcium binding and release by the bone
salt.

Thus bone formation and bone resorption are terms, each of which designates a
cascade of events, with calcium constituting the principal cation of bone salt, the major
product of the osteoblasts.
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TaBLE 4 Parameters of Calcium Metabolism in People and Rats

Young  Postmenopausal Young  Young Old

male female male female female
human human rat rat rat
Body wt (kg) 76 55 023 0.17 0.30
Age (yr) 17 62 0.19 0.33 0.83
Plasma calcium (mg/dL) 10.3 99 11.0 9.5 n.d.
Calcium pool (mg) 6100 3500 165 148 42
Pool turnover (mg/day) 1500 650 84 L 31
v; = calcium intake (mg/day) 1160 625 70 51 nd.
v, = urinary calcium output 250 100 1 1 n.d.
(mg/day)
Vogo = fecal endogenous output 150 75 5 9 n.d.
(mg/day)
vy = total fecal Ca (mg/day) 860 550 34 20 n.d.
A = calcium balance (mg/day)  +50 —25 35 30 nd.
v, = calcium absorbed (mg/ 450 150 41 30 n.d.
day)
Percent calcium absorption 39 24 59 59 n.d.
v,, = bone calcium deposition 1100 475 78 61 15
(mg/day)
v, = bone calcium removal 1050 500 43 31 nd.
(mg/day)
Fraction to bone, v_, /v, 0.73 0.73 0.93 0.86 0.50
Fraction excreted, v, + v 4 /v, 0.27 0.27 0.07 0.14 0.50

The plasma calcium is part of the calcium pool (Fig. 1).
Pool turnover, vy = v, + v,  =v , + v, + v,

n.d. = not determined.

40 mg Ca = 1 mmol.

Data based on reports in Refs. 75, 109, 144-146.

Vil. CALCIUM EXCRETION
A. Urine

Of the calcium circulating in the blood, less than 0.1% is typically excreted in the urine.
Thus, in an adult man of 70 kg, the plasma volume is about 2.5 L and contains about 6 mmol
calcium. Cardiac output would be 5.1 L/min (99), with 20-25% of the cardiac output being
presented to the kidney and half of that amount filtered at the glomerulus. Thus the nephron
handles approximately 1.5 mmol of Ca per minute or some 2100 mmol of Ca/day. The
urinary calcium output of the typical 70-kg man might be 7 mmol/day, or 0.3% of the
filtered load. Actual calcium excretion in the urine is a complicated function of an
individual’s prior calcium intake, vitamin D and nutritional status, sex, reproductive status
(if female), as well as age and therefore skeletal maturity.

Calcium in the lumen of the nephron is subject to two transport processes (147): A
paracellular, concentration-dependent transepithelial movement, and a transcellular move-
ment that constitutes active transport against an electrochemical gradient. Calcium is
reabsorbed, i.e., moves transepithelially, in the proximal tubule (straight and convoluted),
mostly by a passive mechanism, although some movement may be transcellular and
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involve entry via calcium channels and extrusion via Ca-ATPase (148). Very little calcium
is reabsorbed as the luminal fluid passes through the thin limbs of Henle. As the fluid enters
the thick ascending limb of the nephron, calcium reabsorption is resumed, largely by a
passive process. Active transepithelial calcium transport occurs principally in the distal
convoluted tubule (DCT; 147,148). Once the luminal fluid has passed the region of the
DCT, it enters those regions of the nephron designated as connecting and collecting ducts,
where transport is essentially by a paracellular route.

Active calcium transport in the DCT, as across the duodenal cell, involves three steps:
entry across the brush border region of the cells lining the lumen of the DCT, intracellular
diffusion, and extrusion across the basolateral pole of the renal cell. Entry is likely to be via
calcium channels, the existence of which in the kidney has been documented (26).

Intracellular self-diffusion of the calcium ion through the DCT cell has been esti-
mated as nearly two orders of magnitude too slow (149), compared with the experimentally
determined V, (150). In other words, transcellular calcium transport in the kidney, i.e., in
the DCT, requires the same kind of amplification that is provided in the duodenal cell by the
intestinal calbindin. Indeed, there exists a vitamin D-dependent, intracellular calcium-
binding protein, termed calbindin D28K, found almost exclusively in the kidney (151,152).
It is a separate gene product from calbindin D9K. Both calbindin D9K and calbindin D28K
are found in the embryonic kidney, but as development proceeds, expression of calbindin
D9K is repressed and calbindin D28K remains as the only calcium-binding protein with an
E-F hand. Calbindin D28K has a molecular weight of 28,000 Da, has four calcium-binding
sites, and has K, = 2 X 1076 M. It occurs principally in the DCT (153) and therefore may
serve as a calcium ferry. It has been calculated (149) that the amplification provided by the
renal calbindin is similar to that due to the intestinal calbindin, i.e., about 76-fold, if its
concentration in the DCT is similar to that in the duodenal cell, a reasonable possibility. All
available evidence thus indicates that the renal calbindin fulfills the same kind of ferrying
role in the DCT as does the intestinal calbindin, thus providing the molecular basis for
calcium reabsorption in the DCT.

Calcium extrusion from the renal cell is against an electrochemical gradient and is
effected by the Ca-ATPase in the basolateral membrane and perhaps also by the Na/Ca
exchanger. The nature and characteristics of the renal Ca-ATPase are likely to be similar to
those of the intestinal Ca-ATPase, but no detailed report on the renal Ca-ATPase has come
to this reviewer’s attention.

Whereas in the intestine the Na/Ca exchanger appears to play no role in calcium
extrusion (57), this may not be true in the kidney. However, it is not clear whether the
exchanger’s principal role is calcium extrusion or whether it is even involved in calcium
traffic. There exists in the renal proximal tubule a reciprocal relationship between sodium
reabsorption and intracellular calcium concentration, a rise in calcium depressing sodium
reabsorption (154). The Na/Ca exchanger may regulate sodium channels indirectly, inas-
much as channel activity is diminished as intracellular calcium rises (155). Whether these
observations also apply to the DCT and how sodium metabolism modulates active calcium
transport is not clear. It is probable, however, that a disturbance of sodium metabolism of
the renal cell—or, for that matter, of the duodenal cell—will play havoc with calcium
transport (14).

Paracellular calcium transport accounts for most of the calcium reabsorption in the
kidney. The mechanisms by which this occurs have not been fully clarified.

In addition to vitamin D, the major regulator of urinary calcium excretion is para-
thyroid hormone (PTH), causing increased reabsorption of calcium from the renal tubule,
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while phosphate excretion is simultaneously increased. The mechanism by which PTH
enhances calcium reabsorption is unclear. PTH causes a rise in 1,25-dihydroxyvitamin D,
(1,25-OH,-D;), so that increased calcium reabsorption due to elevated PTH levels may
have resulted from an increased level of the renal calbindin. However, the initial response to
PTH seems faster (156) than if only a biosynthetic pathway were involved. Whether PTH
acts on the entry or extrusion steps of transcellular transport or causes changes in the
configuration of the tight junctions via a cAMP-mediated intracellular event has not been
clarified. —

In summary, urinary calcium excretion represents significantly less than 1% of the
calcium that is circulated to the kidney. Most of the calcium filtered by the kidney is
reclaimed by the body by passive transport, with active transport, mediated by the renal
calbindin (M, ~ 28,000 Da), occurring largely in the distal convoluted tubule.

B. Stool

Calcium in the stool has two sources: unabsorbed food calcium and unreabsorbed ‘“body”’
calcium, i.e., calcium that entered the intestinal lumen with the various body fluids such as
bile, succus entericus, etc., but that was not reabsorbed. One can therefore write

vF =V va + vndo (8)
where

v = fecal calcium excretion rate
v; = calcium ingestion rate
v, = rate of calcium absorption
Vado = €ndogenous fecal calcium excretion rate
units = mg Ca/day

To determine the rates in Eq. 8, it is necessary to differentiate between (v, — v_), on the one
hand, and v_, , on the other hand. Otherwise all that can be measured is S, net absorption,
thatis, v; — v;. In either case, whether measuring S; or v, and v, , it is necessary to use fecal
markers to take into account the time delay between ingestion and excretion. The simplest
way to resolve Eq. 8 is to administer a calcium tracer intravenously at about the time the
intestinal balance measurement is initiated. The amount of tracer collected in the stool
during the intestinal balance period can be converted to v, by simultaneously estimating
the area under the plasma tracer curve during the same period and dividing that area into the
amount of fecal tracer collected between fecal markers. Thus, combining an intestinal mass
balance with a tracer study will yield numerical values for v, v, and v, ; in Eq. 8, so that all
four values are determined. See Refs. (58) and (91) for equations and practical details.

Concerning the endogenous fecal calcium, v, , one can ask whether it plays a
regulatory role in calcium metabolism. The origin of endogenous fecal calcium is calcium
secreted into the intestine in bile juices, pancreatic juices, the succus entericus, and calcium
from cellular debris.

1t seems unlikely that bile juices are secreted in response to the body’s calcium needs.
Moreover, over 90% of bile fluids are reabsorbed as hepatic circulation (157). Pancreatic
juices and the various secretions that are poured into the intestinal lumen appear to function
mostly in facilitating digestion and absorption, with the bulk of the fluid presented to the
entire intestine being reabsorbed (158). The calcium content of these fluids is not well
known, but they form largely by osmotic equilibration in response to the contents of the
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upper intestine. Therefore their calcium content, like their monovalent ion content, prob-
ably simply reflects the body fluid composition (158). On the basis of these considerations,
a direct regulatory role of v, in calcium metabolism seems unlikely.

In summary, fecal calcium excretion consists of unabsorbed food calcium and
endogenous calcium that has not been reabsorbed. In human subjects, the latter is approx-
imately equal in amount to the urinary calcium. In rats, it is 10 times greater than the
calcium lost from the body in urine. There is no indication, however, that endogenous fecal
calcium is subject to regulation or plays a regulatory role in calcium metabolism.

Vill. REGULATORS OF CALCIUM METABOLISM
A. Calcitropic Hormones*

Three systemic hormones are involved in the regulation of calcium metabolism: para-
thyroid hormone (PTH), vitamin D, and calcitonin (CT). PTH and CT are both peptides;
vitamin D is a secosterol whose hormonelike action was recognized less than 30 years ago.
PTH and CT interact with plasma membrane receptors on their target cells, whereas
vitamin D, after a two-step transformation in liver and kidney to 1,25-dihydroxyvitamin D,
acts on target cells via a gene-mediated mechanism. As a result, PTH and CT have quite
rapid effects, whereas the vitamin D-mediated responses tend to be somewhat slower (102).
One target of vitamin D is the parathyroid cell (159); consequently, there exists some
interaction between vitamin D and PTH, but most responses associated with one hormone
occur independently of the action of the other two.

1. Parathyroid Hormone

Chemistry, Biosynthesis, and Metabolism

PTH is a protein of 84 amino acids (Fig. 9). It is synthesized in the form of a precursor,
termed for historical reasons the “prepro PTH,” a protein of 115 amino acids. The “pre”
sequence of 25 amino acids is thought to be a signal sequence that permits establishing a
polyribosomal/membrane junction in the rough endoplasmic reticulum. The second cleav-
age, i.e., the removal at the amino terminal of the six-amino acid sequence that constitutes
the “pro” segment, occurs in the Golgi complex about 15 min after the signal sequence has
been cleaved off. The hormone molecule, i.e., the 84-amino acid polypeptide, is then
extruded, probably by means of exocytosis. It is thought that the hormone is located inside a
vesicle or granule whose limiting membrane fuses with the plasma membrane. This step is
followed by lysis of the membrane and eventual extrusion or release of the hormone
molecule into the circulation (161).

The circulating PTH is transported to its target tissues, bone and kidney, as well as to
the liver. In the liver, the molecule undergoes further cleavage, either between residues 33
and 34 or at several other sites that are near the 33/34 site; it is also cleaved near the middle
of the molecule. Whether this cleavage has functional significance is not known, but it may
yield a fragment that still can exert PTH action. Other fragments also result from this and

*The literature on the endocrine aspects of calcium metabolism is very extensive, and appropriate treatment would
far exceed the confines of this chapter. For this reason, the text of Section VIII has been adapted from Ref. 159,
Where references to a particular pheromenon are multiple, the reader is referred to appropriate reviews. As a
result, cited references are not exhaustive and may not reflect all publications that document a point or
conclusion.
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FIGURE 9  Amino acid sequence of parathyroid hormone, the prepro- and pro-hormone. (Adapted
from Ref. 160.)

other cleavages. Most fragments, except the 1-34 amino-terminal sequence, have no or
only limited biological activity. The 1-34 fragment has biological activity that appears to
be identical, both qualitatively and quantitatively, to that of the intact hormone. The
functional significance of the 35—-84 sequence of the intact hormone is not known.

The genes of murine, bovine, and human PTH have been cloned (162). The human
and bovine gene, like their hormone products, are more alike, while the rat gene (and
hormone) exhibits fewer homologies with the human gene (and hormone). The human gene
is located near the end of the short arm of chromosome 11, close to the genes encoding the
hormones calcitonin and insulin. Transfection studies in which the PTH gene has been
inserted in lines of cells that do not normally express PTH are under way and should yield
information on gene activation, transcription, and translation.

When PTH interacts with the receptor site on the plasma membrane of kidney or bone
cells, there results a stimulation of the adenyl cyclase system leading to increased produc-
tion of 3',5'-cAMP (162,163). This is a specific test for PTH, inasmuch as only target cells
respond to PTH by an increase in their adenyl cyclase activity and their cAMP content.

One of the earliest responses of the osteoblast, the bone cell that is equipped with
PTH receptors, is a shape change, i.e., a retraction of peripheral lamellipodia (101,102),
probably modulated via cAMP. The change in shape would then be the first step in the
cascade of steps that ultimately leads to increased bone resorption, mediated by the
osteoclast.
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Function

The principal function of PTH is to regulate the calcium concentration of extracellular fluid.
This is accomplished by altering the transfer of calcium from and into bone (144), by
changes in renal calcium reabsorption (147), and by indirectly inducing changes in intesti-
nal calcium absorption (164).

In the normal mammalian organism, major regulation of the bone calcium balance is
effected by modulation of bone calcium resorption. Figure 10 shows that in the para-
thyroidectomized animal, the relationship between bone calcium deposition and resorption
rates is altered both quantitatively and qualitatively. In the normal organism, the rate of
bone calcium deposition is virtually constant, regardless of how much calcium enters the
body via the gut. Bone resorption drops in direct proportion to the amount of calcium
absorbed. In the organism without functioning parathyroid glands, on the other hand, the
intensity of both parameters is reduced to nearly one-half. Moreover, as calcium comes in
from the gut, bone resorption goes down, but at a lesser rate than in the normal animal
(165). At the same time, the rate of bone calcium deposition goes up, at a rate that is almost
twice as fast as in the normal animal (144). In other words, in the presence of PTH,
regulation of calcium flow to the skeleton is exerted almost exclusively by means of the
resorptive processes, whereas in the absence of PTH, the regulatory action of bone calcium
resorption, although still dominant, is lessened.

These effects, observed some years ago (144), may now be explained as having
resulted from the complementary behavior of osteoblasts and osteoclasts. When PTH is
released from the parathyroid glands, in response to a drop in the plasma calcium,
osteoblasts assume their contracted state and their metabolic activities such as collagen
synthesis and secretion are largely arrested. Osteoclasts in turn spread out, occupying some
of the space freed up by osteoblastic retraction, and their metabolic action is intensified,
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FiIGURE 10  Effect of parathyroidectomy on bone calcium deposition and resorption in rats. Dashed

line, euparathyroid; solid line, parathyroidectomized animals. The experimental points have been
omitted for the sake of clarity. (Adapted from Ref. 144.)
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leading to resorption of bone mineral and degradation of the extracellular matrix and
collagen fibers (Sec. VI).

The second organ that responds to PTH is the kidney. One response involves the
release into the urine of cAMP (166), about half of which is of renal origin. It is the latter
that is significantly increased as a result of an infusion of PTH, and the increase in
nephrogenous cAMP may be used to assess the amount of circulating PTH (163). The
hormone also causes a marked phosphaturia; this is the best-known clinical effect. Finally,
PTH leads to an increase in the glomerular clearance of calcium, i.e., the amount of calcium
that is cleared from the luminal fluid and returned to the plasma (167).

The mechanisms by which PTH causes increased phosphate excretion and dimin-
ished calcium excretion have not been fully clarified. The phosphaturic effect of PTH
may be due to a direct effect of PTH on phosphate transport and/or to its effect on sodium or
bicarbonate reabsorption (168). The effect of PTH on calcium reabsorption may involve a
modulation by the hormone of the intercellular space and a resultant increase in paracellular
calcium flux (147).

The indirect effect of PTH on calcium absorption is mediated by 1,25-dihydroxy-
vitamin D,, 1,25-(OH),-D,, the active metabolite of vitamin D, the renal hydroxylation of
which is stimulated by PTH (168). The mechanism by which PTH acts to enhance either the
rate of hydroxylation of 25-(OH)D, or the amount that becomes converted to the dihydrox-
ylated form is not known. The increase in 1,25-(OH),-D, leads to increased synthesis of
intestinal calbindin (CaBP) (164). Shifting animals to a low-calcium diet leads to a rise in
intestinal CaBP, whether or not the animals are parathyroidectomized; however, the re-
sponse in the parathyroidectomized animal seems smaller (164).

The normal plasma calcium level is quite invariant at 2.5 mM (Sec. IV). Following
parathyroidectomy, plasma calcium drops to about 1.5 mM and remains much less con-
stant. Diurnal variations, due partly to variations in intake, which are small in the normal
state, are greatly magnified, as is the increase in plasma calcium in response to higher
intakes (144). This increase in the euparathyroid state is about 2%, but is about 30% in the
parathyroidectomized state. Thus, the ability to maintain the plasma calcium steady is
markedly impaired in the parathyroidectomized or parathyroprivic state. In the eupara-
thyroid animal, the presence of the hormone permits inflow of calcium from bone during
periods when inflow from the gut is nil or low, as in nonfeeding periods (165). This
compensatory mechanism is absent in the parathyroidectomized animal and partly accounts
for the greater diurnal variability of the plasma calcium. In addition, as calcium turnover in
bone is much slower in animals without parathyroids (73), the calcium pool expands more
when calcium enters it from the gut, even if most of the incoming calcium is absorbed by
the paracellular route only (Sec. III).

PTH is released from the gland when the extracellular calcium level drops, and its
release is inhibited when extracellular calcium rises. The extracellular changes in calcium
concentration are paralleled by changes in intracellular calcium, but the mechanism by
which intracellular calcium alters hormone release and directly or indirectly affects hor-
mone synthesis is not known.

2. Calcitonin

Chemistry and Biosynthesis

Calcitonin is a 32-amino acid polypeptide (Fig. 11) that is synthesized in the parafollicular
cells, also known as “C,” or “clear” cells of the thyroid gland. These cells arise embry-
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ologically from the fifth branchial pouch and migrate into the thyroid gland in mammals,
but in fish they form the ultimobranchial body, a distinct entity (for review, see Ref. 169).
Remarkably, there is considerable similarity between calcitonin from fish and mammals,
and the bovine and human molecules are more distinct than human and salmon calcitonin.
The latter exists in three forms, one of which is the most potent, biologically speaking, of all
calcitonins that have been sequenced (163).

Calcitonin was one of the first hormones to be sequenced, but its function has
remained a mystery. It has a pronounced, transient hypocalcemic effect; it is this effect that
was utilized to purify and determine its structure. However, its role in calcium metabolism
is unclear.

Studies of the calcitonin gene have shown that it gives rise by differential splicing
(Fig. 11B) to two products, calcitonin and another protein, called the calcitonin gene-
related peptide (CGRP; Fig. 11B). Whereas calcitonin is expressed in the C cells of the
thyroid, different controls lead to the expression of CGRP, largely in the central nervous
system. As is true for many gene products, the messenger RNA for calcitonin is translated
into a precursor molecule of 136 amino acids (in the rat), which is then cleaved into three
fragments, one of which is the hormone (163). In the case of the messenger RNA for CGRP,
the precursor is again split into three peptides, one of which is CGRP.

The function of CGRP is unknown. Systemic and local administration of CGRP
increase the rate and force of contraction of the isolated atrium of the heart (170).
Administration of CGRP to normal human subjects leads to vasodilatation and to flushing
of the face. Some of these effects can also be induced by calcitonin, but require much
greater doses. This can be explained by cross-reaction of receptor binding, plus the existing
homology of these two products of a single gene. CGRP is a 37-amino acid polypeptide.

Function

Calcitonin interacts with a receptor located on the plasma membrane of osteoclasts
(104,105). This interaction leads to a stimulation of the adenyl cyclase system, with
increased accumulation of cAMP. The interaction of calcitonin with the osteoclast causes
the latter to stop its searching action, expressed by the movement of pseudopodlike
extensions that move over the extracellular bone surface and presumably precede the
release of lysosomes and dissolution of bone (171,172). Osteoblasts do not have receptors
for calcitonin.

At the level of the whole organism, the function of calcitonin is not understood. When
calcitonin was first discovered, it was thought to function in a push—pull fashion with PTH,
PTH causing bone resorption to be enhanced, while calcitonin inhibited bone resorption.
However, extensive studies of animals deprived of endogenous calcitonin have failed to
reveal major changes in bone metabolism (100,169). Animals that have been deprived of
their C cells exhibit no change in their steady-state plasma calcium level and the rates of
bone calcium deposition and resorption are unchanged, as are their urinary caicium and
endogenous fecal calcium excretions. Calcium absorption is also unchanged. Patients with
medullary thyroid carcinoma and excess amounts of circulating calcitonin also seem to
have no obvious disturbance of calcium metabolism (173).

The major effect of a deficiency in calcitonin is the inability to overcome a hyper-
calcemic challenge as readily as when calcitonin can be released normally. When a large
amount of calcium is given so as to expand the calcium pool, the rate at which the expanded
pool returns to the preinjection value in a calcitonin-deficient organism is about half what it
would be normally (Table 2; Ref. 84).
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3. Vitamin D

In contrast with the peptides, PTH, and calcitonin, vitamin D is a secosteroid, a cyclo-
pentanoperhydrophenanthrene-related structure. The amount of the vitamin that the body
can produce from precursors in the absence of sunlight is insufficient to meet the need for
this compound, especially in growing infants and children living in northern climates.
When it was identified in the early 1920s, the compound was classified as a vitamin, i.e.,
as an essential micronutrient. About 40 years after its identification, as the metabolism of
vitamin D became known, it became clear that the mode of action of the biologically active
metabolite derived from vitamin D was close to that of steroid hormones, that is, the
genomic induction of specific proteins,

Chemistry and Metabolism*

Cholesterol is the precursor compound that, in a series of steps, becomes converted to
7-dehydrocholesterol, the provitamin D. The latter accumulates in the skin and, under the
action of ultraviolet light, is converted to vitamin D in two steps. In the first step, one of the
rings (B) is opened up, yielding the secosteroid structure typical of the vitamin. The second
step involves a rearrangement of the “previtamin D to vitamin D. Neither of these will
take place in the absence of sunlight (or ultraviolet light), hence the need for ingesting
preformed vitamin D in the absence of sunlight.

Vitamin D undergoes two sequential hydroxylations, one in the liver, the other in the
kidney. In the liver cell, vitamin D undergoes hydroxylation at carbon 25. In the kidney cell,
25-hydroxyvitamin Dj is further hydroxylated to 1,25-dihydroxyvitamin D,, 1,25-(OH),D,,
biologically the most active vitamin D metabolite. Alternatively, 25-hydroxyvitamin D,
can be hydroxylated at the 24-carbon, to form 24,25-(OH),D,.

From the regulatory viewpoint, the relative amount of 1,25-(OH),-D or 24,25-
(OH),D plays a key role, as the major functions of vitamin D in kidney, intestine, and bone
are associated with the effects due to 1,25-(OH),-D. Thus, under conditions of calcium
deficiency, production of 1,25-(OH),-D is increased leading to an increase in the active step
of intestinal calcium absorption (67,74), enhanced renal reabsorption (109,147), and stimu-
lation of bone metabolism (73). Under conditions of calcium excess, the production of
1,25-(OH),-D is downregulated and larger amounts of 24,25-(OH),D are produced. How
the renal enzyme systems respond to what must be changes in intracellular calcium
concentrations so as to favor production of one or the other vitamin D metabolite is not
known.

Function

The major functions of vitamin D are to enhance active calcium transport in intestine and
kidney and to enable bone cells to function at a suitably high level of intensity. In addition,
vitamin D appears to have a series of pleiotropic functions related to development and cell
differentiation (174).

Intestine: Table 5 summarizes the quantitative and qualitative effects of vitamin D
on the various steps of transcellular calcium transport. Calcium entry is moderately
enhanced as a result of the action of the vitamin (17). This may involve a vitamin
D-dependent gating molecule that either regulates or amplifies the putative calcium channel
(32-34).

*For greater detail and additional references, see Ref. 174
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TaBLe 5 Effects of Vitamin D on Transcellular Calcium Transport in the Intestine

Mechanism or

Step structure Effect of vitamin D Mechanism

Entry across Down chemical Enhances 20-30% Possibly via integral Ca-
brush border gradient (via an binding protein (32-34)

channel?)

Binding to fixed  Golgi apparatus, RER,>  Enhances 100% Unknown
cellular sites mitochondria (175)
(buffering)

Intracellular Diffusion Facilitates in direct Biosynthesis of soluble
movement proportion CaBP (M, 8800 in

(= 100-fold) (15) mammals, 28,000 in
birds), which acts as Ca
ferry (12,46,205)

Extrusion Pumping against a Increases action Ca-  Unknown
gradient, Ca-ATPase, ATPase 200-
Na/Ca exchange 300% (12,53)

2Rough endoplasmic reticulum.
Adapted from Ref. 12. Numbers in parentheses refer to reference citations.

Once calcium enters the cell, it encounters a series of calcium-binding sites associ-
ated with either mobile or fixed molecules or organelles, Vitamin D seems to increase the
number of these calcium-binding sites in the Golgi apparatus and endoplasmic reticulum
(175). The synthesis of the intestinal calbindin (CaBP) is totally dependent on vitamin D.
As explained in Section III, active calcium transport varies directly and proportionately
with the cellular content of CaBP. The latter molecule acts as a ferry, effectively shuttling
calcium from the luminal to the serosal pole of the intestinal cell at a rate directly
proportional to the amount of CaBP (Fig. 6).

Calcium extrusion is also enhanced by vitamin D. The number of pump molecules is
increased (53), although the mechanism may be indirect, as most Ca-ATPases are not—and
would not be expected to be—vitamin D-dependent.

Quantitatively speaking, as also shown in Table 5, the major effect of vitamin D is on
the intestinal CaBP, which in turn varies linearly and directly with the V_of active transport
(Fig. 6). The enhancing effect on calcium entry is only some 30%. Calcium extrusion and
binding to fixed sites are enhanced twofold to threefold. It has been estimated (12) that
neither entry, nor extrusion, nor binding to fixed intracellular sites is the limiting rate; only
intracellular diffusion in the absence of the cellular CaBP is severely limiting.

Kidney: The action of vitamin D in the kidney is to increase calcium reabsorption
(Sec. VII). Vitamin D regulates transcellular calcium movement in the distal convoluted
tubule (DCT) in a manner analogous with what it does in the intestine. The biosynthesis of
the renal calcium-binding protein (CaBP,, calbindin D28k, M, 28 kDa) is totally dependent
on vitamin D (176). The protein is thought to function in the DCT by amplifying transceltu-
lar transport of calcium by a factor of about 70 (149). To what extent vitamin D also plays a
role in the entry or extrusion processes in the DCT cell is not known, but it may do so, in
anatogy with what is known in the intestine.
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Bone: The effect of vitamin D on bone is to increase the rates of bone formation and
resorption (73). Receptors for 1,25-(OH),-D have been found only in osteoblasts (102), so
the effect of vitamin D on bone resorption is likely to be indirect, i.e., via the osteoblast. The
principal molecular effect of 1,25-(OH),-D on osteoblasts is to increase their production of
the extracellular matrix molecule, the Gla protein (also known as osteocalcin; 177).
Treatment of osteoblasts in culture leads to a state equivalent to enhanced differentiation—
that is, a higher level of alkaline phosphatase and shape changes—but the relationship of
these observations to the in vivo effect of vitamin D has not been clarified.

The role of vitamin D in mineralization is problematical from the viewpoint of
mechanisms. Soft bones and the clinical signs associated with rickets are well known, but
many of these can be attributed to a phosphate deficiency that is aggravated by the lack of
vitamin D (178).

Experimental vitamin D deficiency leads to minor bone changes in rats (73,109).
Hypocalcemia due to vitamin D deficiency is not generally associated with obvious skeletal
changes visible on radiographic examination. Moreover, it has been reported that in some
animals the provision of abundant minerals, either in the diet or systemically, can overcome
the skeletal defects associated with vitamin D deficiency. While it seems probable that
vitamin D plays a hormonelike role in bone cells, as it does in cells of duodenum and the
DCT of the kidney, the nature of this role and its relationship to mineralization are not yet
clarified. There is little doubt, however, that bone turnover of calcium is diminished in
vitamin D deficiency (109).

B. Other Systemic Hormones

Parathyroid hormone, calcitonin, and vitamin D are considered the primary hormones that
regulate calcium metabolism, as discussed earlier. Other hormones that act directly or
indirectly on calcium fluxes or bone include the gonadal steroids, the adrenal glucocor-
ticoids, the thyroid hormones, growth hormone and somatomedin, and insulin and glu-
cagon. A general discussion of these hormones is beyond this chapter’s scope, but their
specific roles in calcium metabolism will now be discussed briefly.

1. Gonadal Steroids {168)

Mineral metabolism and bones and cartilage are profoundly affected in conditions of excess
or deficiency of the gonadal steroids. Osteoblasts have receptors that respond equally to
estrogens (179) or testosterone (180). The existence of gonadal hormone receptors in
osteoclasts is less certain. Avian osteoclasts may possess such receptors (181), and in-vitro
studies (182) suggest that mammalian osteoclast development may be enhanced by the
absence of estrogens; in other words, estrogens may, perhaps by action on precursor cells
via cytokines, inhibit osteoclast development and/or differentiation. It has also been shown
that the inhibitory effect exerted by parathyroid hormone on osteoblasts (Sec. VI) is
diminished when estrogen or androgen is added to an osteoblast culture (183,184).

Estrogen administration leads to diminished urinary calcium output (185). Estrogens
probably do not affect intestinal calcium absorption directly (185).

Testosterone seems to have mechanisms of action that are similar to those of estro-
gen. At one time, testosterone was used to treat women with postmenopausal osteoporosis,
partly because testosterone administration leads to significant improvement in the nitrogen
balance (186). However, because of the undesirable masculinizing effect, it is rarely used
today.



Calcium 49

2. Corticosteroids

Cortisol, corticosterone, and deoxycorticosterone are the major products of the zona
fasciculata of the human adrenal gland and represent the chemical response of the body to
stress. They have a pronounced effect on bone metabolism, inhibiting cartilage growth and
development, impairing synthesis of the bone matrix, and inhibiting bone formation. These
antianabolic actions of the corticosteroids may be the result of their inhibition of protein
synthesis. As a result, bone absorption is stimulated.

Glucocorticoids seem to have no acute effect on urinary calcium excretion (187).
Chronic administration causes calcium excretion to rise (185). Long-term administration of
glucocorticoids or glucocorticoid excess may induce excess calcium mobilization from the
skeleton and thus lead to hypercalciuria. The major metabolic effect of glucocorticoids is
on bone. An excess of these hormones, as in Cushing’s disease, or when administered
exogenously, is associated with decreased bone growth in children, loss of bone volume in
adults, and the impairment of fracture healing (185). Glucocorticoids inhibit incorporation
of sulfate into cartilage (188) and of amino acids into cartilage collagen (189); thus, they
have an antianabolic effect. Glucocorticoid insufficiency, if untreated, is life-threatening. It
is associated with hypercalcemia, which may be the result of excessive osteoclastic activity
that would normally be modulated by these hormones (185).

3. Thyroid Hormones

The two principal thyroid hormones are triiodothyronine and thyroxine, the latter contain-
ing four atoms of iodine. Even though they are peptides and not steroids, the most probable
mechanism of action of the thyroid hormones involves nuclear localization and genomic
activation by a ligand-receptor complex. This in turn leads to selective synthesis of specific
proteins. Consequently, the action of the thyroid hormones can be likened to that of steroid
hormones (168).

Both thyroid hormone excess and hypothyroidism have significant effects on bone
metabolism. Hyperthyroidism is associated with a marked increase in bone resorption,
particularly in cortical bone, caused mainly by increased osteoclastic activity (185). At the
same time, bone turnover is increased. However, the stimulation to bone calcium resorption
seems greater than that of bone calcium deposition. As a result, the bone calcium balance,
especially in cortical bone, is diminished. Biochemically, hyperthyroidism is often associ-
ated with an increase in hydroxyproline excretion in urine and sometimes with increased
hydroxyproline levels in serum, indications of heightened collagen turnover (190). Alka-
line phosphatase levels are increased in hyperthyroidism, the enzyme presumably originat-
ing in the skeleton (185). Thyroid hormones appear to have a direct effect on osteoclasts, as
enhanced radiocalcium release from labeled bones can be demonstrated in bone organ
cultures (191). Hyperthyroidism is associated with hypercalcemia, hyperphosphaturia, and
hypercalciuria. Calcium absorption from the intestine tends to be diminished in conditions
of excess thyroid hormone (185). This appears to be due to a diminution of the production
of intestinal calbindin, mediated by a diminution of 1,25-(OH),-D, production consequent
to the hypercalcemia.

In hypothyroidism, the effects on calcium metabolism are the obverse of what occurs
in the case of thyroid hormone excess. Bone turnover is slowed, hydroxyproline excretion
is diminished, and there is a tendency to mild hypocalcemia and diminished serum
phosphate levels. Hence, urinary calcium and phosphate excretion are also lower than
normal. The bone calcium pool is diminished.
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Thyroid hormone promotes skeletal growth in prepubertal children by acting on
cartilage growth directly and by stimulating the growth hormone-somatomedin pathway.
Therefore, hypothyroidism in children is associated with diminished skeletal growth and an
increase in density in the zone of provisional calcification and delayed appearance of the
centers of epiphyseal ossification (192).

4. Growth Hormone and Somatomedin

The growth hormone molecule is a large protein consisting of 191 amino acids, the active
core of which involves the N-terminal two-thirds of the sequence, while the remainder, the
C-terminal one-third, is thought to stabilize the molecular structure (168). Growth hormone
is the major hormonal growth factor, acting on bone and cartilage. The hormone promotes
growth through the somatomedins, low molecular weight (~7000 Da) peptides synthesized
in the liver. Somatomedin receptors have been found in adipocytes, hepatocytes, lympho-
cytes, and bone cells. Of the three human somatomedins—A, B, and C—the latter, C, is
identical with the insulin-like growth factor.

Growth hormone is essential for normal growth and development (185). One form of
human dwarfism is caused by defective production of growth hormone, an autosomal
recessive characteristic. Growth hormone is essential for somatomedin synthesis (168).
Patients with acromegaly, i.e., enlarged stature due to excess growth hormone production,
exhibit increased rates of calcium uptake and release by the skeleton, with formation
stimulated more than resorption (185). Acromegaly is associated with hypercalciuria and,
in some patients, with increased calcium absorption from the intestine. The mechanism(s)
by which growth hormone and/or somatomedin act on these processes is unknown; direct
action on transceliular calcium transport seems unlikely.

5. Insulin and Glucagon (168,185)

It seems probable that bone cells are a direct target of the action of insulin, although other
tissues—adipose, muscle, and liver—are generally considered major targets.

Insulin deficiency leads to a diminution of bone turnover, with bone calcium removal
markedly enhanced in insulin-deprived animals. Insulin-deprived rats in the growth phase
are only slightly hypocalcemic, but have stopped adding calcium to their skeletons. In other
words, their bone balance, instead of being positive, is zero or slightly negative (193).
Insulin deficiency is associated with a drop in active calcium absorption in the intestine and
a rise in urinary calcium output; this suggests a diminution of the calcium-conserving
capacity of the kidney (193).

Glucagon administration produces transient hypocalcemia in several mammalian
species, including humans, presumably by direct interaction with the skeleton (185). There
is evidence that glucagon inhibits parathyroid-stimulated osteoclastic action, but probably
has no effect in unstimulated bone cells (194,195).

IX. OSTEOPOROSIS—AN INTEGRATIVE VIEW

Osteoporosis may be defined as a condition in which the mass of bone per unit volume is
significantly decreased, to the point where the risk of fracture is high. While the disorder
is clinically relevant only when a fracture has occurred—typically a vertebral or hip
fracture-—it is prevention rather than treatment of the fracture that seems the more effective
approach (196).

As shown in Figure 12, bone mass increases from infancy until the late teens,
thereafter remains at a plateau until the mid-thirties, and then begins to decline. In women
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there occurs a rather drastic decline in the years following the menopause, whereas in men
the decline is more gradual. Some 10 years after the menopause, the rate of decline of bone
mass in women parallels that in men. Total bone mass is lower in women than in men.

Bone mass in a given individual is genetically programmed, but the final expression
is modulated both qualitatively and quantitatively by environmental factors. Thus, in the
absence or with reduced availability of the bone minerals, calcium and phosphate, the
genetically determined optimum expression of the skeleton is diminished; bone then is
thinner and therefore weaker at any age, and the risk of fracture is greater. This is illustrated
by the now classical study of Matkovic and colleagues (197), who reported a higher and
earlier incidence of certain fractures in a Yugoslav population consuming by custom low
quantities of calcium, as compared to a presumably comparable population, genetically
speaking, that by custom ingested large quantities of calcium, Similarly, the Japanese, who
before World War II were largely vegetarian and consumed only about 10 mmol of Ca per
day (91), are now, two generations later, closer to a Western diet in terms of calcium and
protein intake and are now also taller.

While the attained bone mass can be modified by calcium intake, the question arises
whether the age- and hormone-dependent drop in bone mass can be altered by a change in
calcium intake (and absorption). There can be little doubt that a negative calcium balance
will increase the rate at which bone mass is lost. The reverse, however, is far from obvious.
There is reasonable evidence that the rate of cortical bone loss is similar in individuals of
different statures (198), and that this rate is relatively independent of calcium intake. It is
therefore not surprising that increased calcium intake in women with postmenopausal
osteoporosis had virtually no effect on their rate of bone loss (199), whereas estrogen
replacement therapy (200), accompanied by a nutritionally adequate intake of calcium,
arrested the loss of trabecular bone characteristic of the menopause (201) or of oophorec-
tomy (202).

The mechanism by which gonadal hormones stimulate bone cells is not well under-
stood. Both male and female gonadal hormones interact with receptors on the osteoblast,
causing these cells to increase in activity and number. Part of the responses of osteoblasts
seems to involve a reduced release of cytokines, leading in turn to diminished osteoclastic
activity and number (203). Osteoclasts, when relieved of the repression exerted by the
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gonadal hormones—whether directly or indirectly—become more active, with the result
that bone resorption exceeds bone formation.

Of the two general classes of bone, trabecular and cortical, it is the former that
undergoes more rapid turnover and is the site of the majority of osteoblasts and osteoclasts
(97). Consequently, in the menopause, with gonadal hormone function ceasing abruptly,
it is trabecular bone that is more particularly affected. When elements of trabecular bone,
the trabeculae, are destroyed, rebuilding seems no longer to be possible. Lost cortical bone
can be replaced more readily. In males, gonadal hormone loss, or at least loss of function, is
more gradual, as is loss of bone mass in aging men (Fig. 12).

To combat osteoporosis thus involves several approaches: (a) assuring optimum
genetic expression of skeletal size and strength by providing the needed nutrients, calcium
in particular. This is of especial importance for girls and young women, whose average
calcium intake tends to be half of what appears to be needed (204); (b) replacing, under
suitable medical supervision, the gonadal hormones whose concentration drops abruptly at
the menopause or gradually with aging; (c) assuring an adequate calcium intake throughout
life; (d) recognition of the age-dependent drop of active calcium absorption from the
intestine with maturity of the skeleton and compensation therefor by increased intake;
(e) recognition that slowing the rate of bone loss, preferably by stimulating bone formation,
can have long-term benefits in the decrease, and perhaps the severity, of fractures.

X. OUTLOOK

The past two generations have seen significant advances in the understanding of extracellu-
lar calcium metabolism and its regulation. The molecular nature of hormones, their
receptors, and intracellular events that occur in response to hormonal stimuli are being
studied intensively, and many significant factors are bound to be uncovered in coming
years. What is less well understood at present is the relationship between intracellular and
extracellular calcium homeostasis. The constancy of the free calcium concentration, now
recognized to prevail inside essentially all cells, raises the question of why it is necessary
for both intra- and extracellular calcium concentrations to be so exquisitively regulated, and
whether and how maintenance of the calcium concentration of the two milieus is related or
interconnected. The discovery of calcium-responsive proteins in cell membranes will
contribute to that understanding, as will analysis of their evolution in relation to the
fundamental cellular task of separating calcium from phosphate (1).

Another aspect of calcium metabolism that needs substantial development is the
construction of quantitative schemes of extracellular calcium metabolism. The transforma-
tion of qualitative into quantitative information, the development of hierarchical relation-
ships between various cellular and tissue events, and the ability to predict quantitatively
how changes in, say, calcium intake will affect bone metabolism both acutely and over the
long-term are needed if calcium research is to yield information that has both theoretical
and practical importance for human and animal health. Ultimately, such information will
also permit effective planning of the cultivation and distribution of food supplies, thereby
contributing in turn to the betterment of population heaith.
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