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PREFACE

The work described in this thesis_formed a
self-contained study into some of the more fundamental
" aspects of zinc metabolism and was carried out as
rart of a project on the role of zinc in wound healing
involving the Department of Oral Medicine and
Pathology, Glasgow Dental Hospital and School, the
Department of Cliinical Physics and Bio-engineering,
Western Regional Hospital Board and the Departments
of Dermatology and Nuciear Medicine, Glasgow Royal
Infirmary. The work was carried out mainly in the
Department of Cral ﬂedicine and Pathology, Glasgow
Dental Hospital but also in part in the Department of

Nuclear Medicine, Glasgow Royal Infirmary.



SUMMARY

L)

Zinc is one of the essential trace elements for man and
there is now considerable evidence to show that a
deficiency of zinc is related to the poor wound healing
found in some patients, particularly those with varicose
ulcers. Oral zinc therapy has becn used successfully

in the treatment of these patients but as zinc is toxic
. in large doses many workers have regarded it with
disfavour, particularly since little is known about the
metabolism of either dietary or therapeutic doses of
zinc in man. The aim of the present work has therefore
been to study the manner in which both trace and
therapeutic amounts of zinc are transported by plasma to
the organs and tissues and to relate the uptake and
clearance of zinc from plasma to that of the various
tissues,

An initial study was carried out on in vitro binding
of zinc to the plasma proteins to compare the results
obtained using protein separation by electrophoresis on
cellulose acetate and by chromatography using Sephadex
gels, Chromatcgraphy on Sephadex gels was found to be
the more suitable method, particularly for study of
endogenous zinc binding and of the binding of trace

amounits of radiceinc zdministered to subjects in vivo,

While albumin was found to bind virtually all the zinc
added to plasma in vitro, the endogenous pattern of zinc
binding has two main components, albumin and a second

nigh molecular weight protein fraction coincident with



@Q«macroglobulin, which has been shown to be a zinc
metalloprotein by other workers. A study of the
endogenous zinc distribution in normal subjects showed
that approximately one third of the plasma zinc was
bound to dz—macroglobulin and the remaining two thirds
to albumin.

The variation of binding of a tracer dose of radiozinc
administered orally to two normal voluntéers was studied
as a function of time. It was found that at peak plasma
zinc-65 level about 90% of the =zinc-65 was bound to
albumin but this level dropped during the first 24 hours
to about 75%, a value approximately equal to the
endogenous proportion., When intravenous clearance of
zinc~65 was studied it was found that the major part of
the zinc-65 disappeared very répidly from plasma, with
a half-life of about 20 minutes. As this could be
related to clearance from the albumin fraction it was
shown that albumin is a transport protein for zinc.

When the uptake of zinc-65 by liver and muscle was
compared with‘the disappearance of zinc from plasma it
was found that the ziﬁc—65 wa. cleared very rapidly into
the liver during the first 24 hours, at a rate which
corresponded to the clearance of zinc-65 from the
albumir fraction. Clearance of zinc-65 in plasma into
the liver stopped when the fraction of the zinc-65
bound to ol ~-macroglobulin recached about one third of the

2

total. Uptake by muscle was much slower and evidence



has been produced to show that this is due to transfer
of zinc from liver to muscle by plasma.

The clearance of a therapeutic dose of zinc from
plasma was then studied in normal veolunteers after an
oral dose of zinc sulphate. It was found that the
resulfant increase in plasma zinc was bound to both
dé-macroglobulin and albumin fractions, in some cases
more than doubling the original amounts béund to the
proteins. After about 6 hours both albumin and
dzfmacroglobulin zinc levels had dropped significantly,
in some cases .back to the original levels, showing that
ﬁz—macroglobulin is also a transport protein for zinq.

There are thus two transport: proteins for =zinc,
albumin andCLz—macroglobulin, which apparently have
separate functions in the contfol and clearamnce of

absorbed zinc to the tissues.
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1e1 Zinc Deficiency in Biological Systems

Zinc is an essential constituent €or all forms of
plant and animal life. Although it only constitutes
about 0,005% of the earth's crust it is present in
living organisms in higher concentration than seversail
elements which are more plentiful. Zinc has teen found
in measurable quantities in all of the human and animal
tissues so far examined and this fact alone suggests an
important biological role for the element.

Although Raulin showed that zinc was essential for
the growth of the organism Aspergillus niger as early as
1869 (Raulin, 1869) it was not until the 1930s that Tcdd,
Elvehjem and Hart showed that the element was also
necessary for the growth and development of animals.
They showsd that when weanling rats were fed a diet in
which the zinc content was considerably reduced their
rate of growth was severel& restricted compared with

hat of normal controls (Todd et al, 1934). Subsequent
work showed that many species of animals, notably pigs
and cattle, are subject to zincwdeficiency and that fhis
deficiency is fairly common. It Qas found that zinc
deficiency producns a similar group of symptoms in
virtually all species. Besides retarded growth, these
include skeletal abnormalities, anérexia, fragile skin
and poor wound healing, and parakeratosis, a skin
condition prcducing scaly, flaking skin wbich has some
resemblance to psoriasis.

While the addition of zinc to the soil to combat



zine deficicncy in crops had been tried and found to
work in the 1920s the widespread incidence of zinc
deficiency in plants has been established only in the
last 20 years. Although the symptoms of zinc deficiency
are ajfferent in different species, these are all
indicative of siunted growth and altered metabolism.
While the commercial importance of zinc deficiency
in crops and domestic animals encouraged a large volume
of work in these fields no evidentce of a similar
deficiency of =zinc in humens was found for some time.
It was not until 1961 that the first evidence of a
possible zinc deficiency state in man was described hy
Prasad and his co-workers. Groups of adult male
villagers from Iran and Egypt were discovered who were
suffering from retarded growtn and.arrested sexual
development, accompanied by anaemia and rough
hyperpigmented skin. These dwarfs were thought to
Be suffering from malnutrition caused by a diet consisting
almost entirely of wholemeal bread. However, only slow
improvement in growth occurred when they were given a
diet containing adequate animal protein. It was found
that when 27mg zinc (as zinc sulphate) was given daily
as a dietary supplement a highly significant increase
in growth rate occurred, together with a dramatic
onset of sexual maturity (Prasad et al, 1961). Vhile
it was originally assumed that the zinc deficiency

syndrome was confined to males, later studics by



Halsted and his colléagues showed that females could
zlso be affected (Halsted ot al, 1672).

The comparatively rare occurrence of the zinc
deficiency syndrome described by Prasad and his
colleagues is probably due to the ubiquity c¢f zinc,
which is normally present in adequate amcunts in most
focds. Balance studies based on analysis of the zinc
content of ncrmal diets over a considerable period have
shown that the average dietary zinc intake of an adult
is in the range 10 - 15 mg clemental zinc per day (Osis
et al, 1972; Schlage and VWortberg, 1972), though
considerable variation from day to day occurs, 1t has
been shown that normal adults require a minimum daily
intale of approximately 7 mg zinc per day (Langel et ail,
19663 Spencer et al, 1972). Although the average Vestern
diet easily provides this amount of =zinc it is probable
that zinc deficiency can occur in countries where the
supply of animal protein in the diet is inadequate.

It has been shown that although the zinc levels in
animal and soyabean protein are approximately the same,
twice as much zinc is absorbed from the animal protein
(Forbes and Yohe, i960). Hence zinc deficiency might

be expected to be associated with malnutriiion and

y

is thought to be an accompaniment cf conditions such
as kwashiorkor (Sandstead et al, 1965).

1.2 Zinc Content of Body Ticsues

With the development of sensitive metihods for trace



clement analysis, particularly activation analysis and
atomic absorption spectrometry, the zinc content of
many tissues and body fluids has been accurately
m@asufod. It is 7Tcund that zinc is distributed fairly
uniformly in human tissues,; within a range of values of
about 20 - 400 parts per million (ppm). The highest
tissue zinc levels are found in the choroid and retina
of the eyve and particularly high wvalues ére found in teetls,
with much higher levels in enamel than ;n dentine
(Nixon, 1969). Liver, kidney and muscle all show
similar high zinc levels of approximately 100 - 200 ppm
(Liebscher and Smith, 1968). While the zinc content of
of skin is fairly low the level in epidermis is high,
similar to that in liver and muscle (Molokhia and
Portnoy, 1969). The =inc content of hair has becen found
to vary according to the zinc status of the subject

and it has been suggesied that this might be useful

as an indicator of possible zinc deficiency (Reinhold et
al, 19663 Strain and Pories, 1966). An analysis of

the trace element content of several cadavers gave
values for the total zinc content of the adult body in

the range 1.0 - 2.4 g (Widdowson et al, 1951).

Plasma zine levels for nermal adult 1ave heen found

(/]
»

to be in the range 80 =~ 130/ug / 100 ml plasma (Greaves
and Boyde, 1967; Halsted and Smith, 1970). Normal
erythrocytes contain much higher concentrations of zinc,
from 450 - 800 peg / iOO ml whole blood. However

leucocytes contain an even higher concentratiocn,
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approximately 1.4 x 10 ! g zinc per cell, a level which

is comparable with the level of iron in erythrocytes
(Pennes et al, 1961). Zinc in erythrocytes is almost
entirely associated with the enzyme, carbonic anhydrase
and leucocyte winec appears to be firmly bound to a
protein whose function is as yet undiscovered but has
been found to contain 0.3% of zinc (Hoch and Vallée, 1952)
wvhich is not readily exéhangeable.

1.3 Biochemical Role of Zinc

. The fairly uniform distribution of =zinc in tissues
has stimulzted much work on the biochemistry of =zinc
compounds., Being high in the‘electrochemical series zinc
is a highly electropositive metal and reacts readily to
form compounds as the cation Zn++° The first conclusive
evidence of a definite biological function for zinc was
produced in 1940, when Keilin and Mann isolated carbvoenic
anhydrase, an enzyme found to contain approximately O.Bﬁ
zinc which is necessary for the biological activity of
the enzyme (Keilin and Mann, 1940). Jn the 1950s a
second zinc-containing enzyme, carboxypeptidase, was
isolated (Vallé% and Neurath, 1954). Subsequent work
has shown that these énd many other enzymes need zinc
for their biological activity, either as a cofactor or
as an integral part of the molecule. Among the enzymes
found to be zinc metallovproteins are several aldolases,

several dehydrogenases and alkaline phosphatase. Many

other enzymes are activated by the presence of zinc,



for example, enolase, amino-~peptidase and tripeptidasec.
Convincing evidence has 2also been produced that zince
is necessary for the synthesis of botbh ribonucleic and
deoxyribonucleic acids. VWacker and vVallée showed that
RNA and DNA obtained from diverse sources always
contained significant amounts of several metals, among
them zinc (Wacker and Vallée, 1959) suggesting that some
metals may be necessary for protein synthesis. Later
experiments showed that when zinc was removed from rat
liver DNA synthesis was reduced and that infusion with
zinc could reverse this process (Fujioka and Liebermann,
196&). It has also been shown that zinc deficiency
affects DNA and protein metabolism in the rat (Williams

and Chesters, 1970).

1.4 Zinc and WVound Healing

as enzyme activity and protein synthesis would suggest
that even minor reductions in the amount of zinc available
for these processes could have important consequences.
If zinc is necessary for protein synthesis it is also
essential for the processes of tissue repair. It has been
shown, using radioisotopes of zinc, that zinc concentrates
in healing wounds in rats (Savlov et al, 1962) and
poor wound healing is a prominent feature in zinc-
deficient animals.

The topical application of zinc compounds to assist
healing in superficial Qounds has been used for over

two thousand years but interest in the use of systemic



zinc to accelerate wound healing has only heen
aroused in the last 20 years, as a result of the wcrk
of Pories and Strain. After initial studies showed that
oral zinc supplements accelerated the healing rate of
excised wounds and of thermal burns in otherwise nosrmal
rats (Strain et al, 1960), Pories and his colleagues
carried ocut a clinical trial on the effects of such
supplements on wound heéling in patients after
excision of infected pilonidal sinuses. They found that
the healing time was 46 days for the zinc supplemented
group and 8C days for the control group. As these
patients were young, otherwisé healthy airmen it was
concluded that zinc is not only essential for wound
healing but that the body =zinc stores are inadequate
to provide the amount required for optimal healing
(Pories et al, 1967). |

The suggestion that, in a majority of cases, oral
zinc therapy can accelerate wound healing, has resulted
in a number of studies on the effect of zinc therapy
on the rate of healing, with conflicting results.
Many workers have felt that adverse effects may be
caused by prolonged zinc therapy and therefore that in
cases where healing proceeds normally zinc therapy is
not justified. HHowever in cases where the pnatient has
already been shown to have a wound healing problem, oral
zinc supplements might be of benefit. Patients with

chronic varicose ulcers fall into this category and



many studies have been carried ocut on the effects of zinc
therapy on patients with chronic leg ulcers, on the whole
with encouraging results., In a study cof 104 patients
with such ulcers HHusain found that the ulcers of patients
receiving 150 mg zinc daily healed in an average time

of 32 days, compared with 77 days for the control group
'(Husain, 1969). Significant improvement has also been
found by several other workers (Greaves énd Skillen,
1970; Hallb88k and Lanner, 1972), though other studies
have shown no demonstrable improvement (Myers and Cherry,
19705 Greaves and Ive, 1972).

The success of zinc in promoting healing in some
patients with wound healing problems would suggest that
there is a minority suffering from latent zinc deficiencwy
which only shows up:-when an excessive demand is made on
the zinc stores and that in the majority the zinc stores
" are adequate. Henzel and his associates (Henzel et al,
1970) found a significantly increased output of zinc
in urine (zincuria) in patients during weight reduction
for obesity, after severe burns and following major
operations., This was paralleled by reduced zinc levels

in serum, erythrocytes and skin but patients with post-

L
o
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operative healiing proklems were found to have wouna 11C
zinc levels which were approximately half those of patients
wvhere healing was proceeding normally.

1.5 Altered Zinc Metabolism in Pathological Conditions

Low plasma zinc levels have been found in several

disease states, among them myocardial infarction, peptic
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ulcers, pulmonary infections, alccholic cirrhosis and
Down's syndrome (Halsted and Smith, 1970). The decreasc
in plasma level in alcohclic cirrhosis has bheen found to
be accompanied by an increase in urinary zinc excretion
(Voilde et al, 1956). A rise in plasma zinc level is
found in the acute phase of acute intermittent
porphyria (Roman, 1969). Tt is alsc generally accepted
‘that patients suffering from psoriasis ha&e altered zinc
metabolism. A large number of patients.with severe
psoriasis are found to have low serum zinc concentrations
and the zinc level in the psoriatic scales is higher
than that in normal skin (Voofhees ct aly 1969; Molokhia
and Portnoy, 1970; Greaves, 1971). In appearance
psoriasis is similar to parakeratosis in animals, which
is cured by zinc thepapy, but attempts to treat psoriasis
using oral zinc therapy have been unsuccessful (Voorhees
et al, 1969).

In pregnancy significantly lowered plasma zinc
levels are found, possibly reflecting a demand mwade on
the maternal zinc stores by the developing fcetus. A
similar effect is found in women taking oral contraceptives
and the fall in zinc level in paralleled by a rise in
plasmé copper level (Johnson, 1961;‘Halsted and Smith,
1970).

The zinc content of tissue, plasma and urine in
patients suffering from peoplastic disease has been

studied by several investigators and while significant
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differeuaces from normal levels have been found rio
consistent overall pattern has so far emerged (Talboct
and Ross, 1960; Vallberg et al, 1966; Gv8rkey et al,
1967). However a definite and consistent change in
leucocyte zinc is found in patients with various tvpes
of leukaemia, where the zinc content of the cells is
found to be approximately half that in normal
‘leucocytes (Dennes et al, 1961).

1.6 Toxic Bffects of Zinc

Zinc, like many other hcavy metals, is toxic when
ingested in large amounts, produced by, for example,
cooking or storing foods with a high acid content in
galvanised containers. The symptoms of zinc poisoning
are deséribed as vomiting, stomach cramp and diarrhcea
{Brown et al, 1964). However studies in rats have
shown that the toxic effects are mainly due to
suppression of other essential elements by the greatly
increased zinc intake. Reductions in magnesium, copper
and iron stores and alteration in the calcium to
phosphorus ratio in bone have been observed (Sutton
and Nelson, 1937; Sadasivan, 1951; Stewart and Magee,
1964; McCall et al, 1961).

High mineral concentrations in the atmosphere, in
so0il and in water supplies have been found in arcas
where cancer incidence is high (Stocks, 1060;
Alloh~Price, 1962) and it has been suggested that higher

than average levels of zinc absorbed from these sources



may be related to the incidence of stomach cancer
(Steeks and Davies, 196%). These results, together with
the animal studies, would suggest that caution must be
exercised in the use of oral zinc therapy, particularly
for long periods.

1.7 Dynamic Studies of Zinc Metabolism

The Tecognition of zinc deficiency states in man
and the development of efficient means fbr its correction
can only be achieved from a basic knowiedge of the
various stages of the metabolic cycle of zinc in the
body. The use of radioactive isotopes of zinc enables
valuable information to be obtained on the biological
fate of zinc in the body, as the variation of radiozinc
levels in tissues and hody fluids can be followed,
provided suitable samples can be obtained for counting.

While the bulk of the work published on the absorpticn

and clearance of radioactive zinc in vive has been carried
out in experimental animals several studies on the
absorption and excretion of trace amounts of the
radioisotope, zinc-65, in human subjects have been
published (Ross et al, 1958; Graig and Seigel, 1960;

Prasad et al, 1963; Spencer et al, 1965; Spencer et al,
1966# Su1llivan and Heanev, 1970;, " These results are
mostiy confined tov measurcment of zinc=65 activity in
blood, urine and faeces.

It was found that intravenously administered zinc=-65

disapnearaed very rapidly from plasma, 90% disappearing
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in less than two hours and the remaining 10% more
slowly, though it was found that this later clearance
was significantly faster in zinc-deficient subjects
(Praséd et al, 1963). Zinc-65 appeared in erythrocytes
and leuvcocytes fzirly rapidly, with activity remaining
in the erythrocyte pecol for several hundred days.
Excretion studies showed that the percentage of the dose
excreted in the faeces was much higher tﬁan that in
urine, showing that the main pathway fo; excﬁetion of
absorbed zinc in man is via the intestine. This level
is higher than that to be expected from zinc secreted in
bile and pancreatic Jjuice (Spencer et al, 1965).

Studies on the loss of zinc-65 with tiine in the
total body mass have shown that the biological half-lirfe
of zinc in the body .is of the order of several hundred
days (Furchner and Richmond, 1962; Spencér et al, 1965;
Newton and Holmes, 1966). Measurements of tissue levels
of zinc-65, obtained post mortem at varying times after
administration of the dose, showed that initially levels
were highest in liver but after about 70 days the
activities in muscle and liver were similar (Spencer et
al, 1965). 1In studies of the uptake and clearance of

erally administered zinc-£5 it was found that the plasma

(834 319 81 L aiil

4=

zinc~-65 level reached a peak value at between 1 =
hours after administration of the dose (Spencer et al,
1966; Husain and Bessent, 1971). Calculation of the
percentage of the dosé absorbed gave values in the range

20 - 90%,
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1.8 Transport of Zinc By Plasma

While these studies have shown that the major
portion of the absorbed zinc is rapidly incorporated
into the tis§ues from plasma and that it remains in
the body for a considerable time, little is known about
the mechanism whereby zinc is shared among the tissues
or about the subsequent fate of the tissue.zinc, whether
it forms an easily mobilised reservoir of zinc or
whether it is tightly bound and largely unavailable,
Information of this kind depends on a knowiedge of the
method by which the plasma zinc level is controlled and
the different forms in which zinc exists in plasma,
since the plasma is the medium by which all absorbed
zinc is transported to and Tfrom the tissues, It has
been shown that homeostatic control is exercised over
the plasma zinc level, since individual plasma levels,
studied over a considerable period, show 1i£t1e variation
from the mean (Halsted and Smith, 1970). The existence
of such a control suggests that normal plasma levels
may occur in cases where the body zinc stores are
considerably reduced.

Plasma is a heterogeneous solution containing a vast
number of constituents of widely varying molecular weight
and complexity, from simple ions to proteins whose
molecular weight is in excess of one million. Many of
these substances are in transit to various parts of the

body or are essential for the transport of other
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substances. VYhile some essential elements are carried
to the tissues in the ionic form many minerals are
transported as a complex of the ior with one or more of
the plasma proteins, and several of the proteins have no
6ther known function apart from the transport of one
particular substance, for example, transferrin, a globulin
which transports iron absorbed {rom the gastro-intestinal
tract and from the cells of the reticulo~endothelial
system to the bone marrow. Albumin, a single protein of
molecular weight 69,000 which forms approximately 70% of
the total plasma protein concentration, is involfed in
the transport of a number of ;ubstances, both essential
nutrients and compounds such as drugs, and it is important
in the transport of several elementé, in particular,
calcium and copper.

While there are measurable amounts of several zinc
metalloenzynes in plasma, such as lactic dehydrogenase
and alkéline prhosphatase, the concentrations are so low
that they account for a negligible fraction of the total
plasma zinc level. Vikbladh showed that almost all of
the endogenous zinc ir plasma is bound to protein and
that about one third of the bound zinc was firmly
bound to protein while the remaining two thirds was
more loosely bound awnd probably associated with albumin
(Vikbladh,'1951). Later work by Vallée and his colleagues
demonstrated the existence of several zinc-containing
fractions among the plasma proteins. Himmelhoch and his

associntes isolated three zinc-containing protein
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fractiens, one of which was found to have a molecular
wveight of approximately 120,000 (Himmelhoch et al, i966).
However, Parisi and Vallée identified cnly two major
zinc-containing fractions in serum, one of which was
identified as albumin and the other was found to be a
zirc metalloprotein containing 320 - 770/wg zinc per
gram of protein which had a molecular weight of about
800,000. They identified this protein as. Ot ,-macro-
globulin, a protein which is present iﬂ relatively large
amounts in_normal serum but of unknown function (Parisi
and Vallge, 1970). They suggested that the transport
proteins for zinc were albumin and ﬂ-z-macroglobulin
and that d2—macroglobulin was a specific transport
protein.for zinc, analogous to transferrin for iron.
Other workers have used the radioisotope, zinc-65,
to study the binding of the zinc-65 to the plasma
pro*eins in vitro, on the assumption that this procedure
is analogous to the uptake by plasma of zinc absorbed
from the gut. Although all studies report binding of
the major part of the added zinc to albumin there is
disagreement about which, if any, of the globulins
bind zinc (Dennes et al, 1962; Suso and Edwards, 1969;
Prasad and Oberleas, 19703 Boyetf and Sullivan, 1970;
Parisi and Vallde, 1970).

1.9 Recognition of 7Zinc Deficiency States in Man

Although zinc has been recognised as an essential

element for man only within the last decade consideraztle



advances have been made in the elucidation of its
biolegical role, notably the discovery of a definite
zinc deficiency state in man and a significant
relationship between zinc and healing. However these
discoveries have themselves raised many fundamental
questions concerning the utilisation and metabolism
of the element, which become of particular importance
with the increasing use of zinc as a thefapeutic agent .
The most important clinical probleﬁ is the recognition
of latent zinc deficiency, particularly in patients
with healing wounds. If zinc deficiency is defined
as a reduction in the body store of available zinc below
the level necessary for both normal requirements and
the needs of'snoh processes as tissue repair then the
recognition of zinc deficiency requires some means
of estimating this zinc store. To date no single
parameter has been found which acts as an indicator
of zinc deficiency. While some workers have suggested
that patients who respond to zinc therapy have low
plasma zinc levels (Hallb&ﬂk and Lanner, 1972) it has
been shown that some patients who benefit from =zinc
therapy have plasma levels which are within the
accepted normal limits (Husain, 1969). ¥hile other
criteria, such as excessive zincuria or deficiency of
any of the zinc metalloenzymes, might suggest disocrdered
zinc metabolism, so far the only reliable criterion for
zinc deficiency has been a positive response to zinc

therapy. As a diagnostic test, this is far from
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ideal, particularly since zinc has been shown to be
toxic in large doses and the absorption of large
amounts of the element is krown to cause a reduction in
the intake of other essential minerals, It would sceecn,
therefore, that at present our knowledge of the basic
processes involved in zinc metabolism are inadequate
and that much further work is needed in this field
before recognition of zinc deficiency in routine
clinical work is possible.

1.10 Aims of the Present Work

The aim of the work described in the following
chapters was to study certain aspects of the dynamics
of zinc absorption and transport in man, with particular
reference to the uptake and clearance of the element by
the plasma components, Since plasma is the medium by
which all absorbed zinc is carried to and from the
tissues the distribution of zinc among the various
zinc-containing plasma fractions is of special interest,
as these fraétions may reflect the various stages in
its metabolism. For exaumple, it is likely that newly
absorbed zinc is associated with different plasma
components from breakdown products which are to be excreted
via the kidneys. In particular the existence of a
specifié transport protein for zinc would imply some
measure of control by plasma of =zinc uptake and clearance.
It has therefore been the intcention isn the work
described to develop a method wherebvy the main zinc-

containing plasma fractions can be separanted from cach
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other and their zinc content measured, as simply as

is consistent with obtaining repeatable results, This
method has then been used to study the absorption and
tfanSport of zinc in vivo, mainly in normal subjects, by
the various fractions. The distribution in plasma of
both trace amouvnts of radiozinc and therapeutic doses

£ stable zinc sulphate have been studied and these
findings correlated with the uptake and Clearance of
zinc from various parts cf the body. As this work is

in essence a study of the transport of zinc no attempt
has been made to study the biochemistry of the =inc-
containing fractions. The degree of separation of

the plasma fractions sought has been only sufficient for
analysis of the main zinc-containiﬁg fractions and

study of the ;ariation of the zinc associated with
each as a function of time. Where specific proteins
were studied it was in the role of transport media
for zinc.
In summary, therefore, the intention of the work

to be described in the following chapters was:-

(a) To study the distribution of endogenous zinc
among the components of plasma in man and the variation
of the amounts of zinc bound to the various fractions as
a function of time, using both tracc quantities of
radiozinc and therapeutic quantities of stable zinc,

(b) To relate these finaings to the absorption and

clearance of zinc by the various tissues of the body.
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2,1 Introduction

A study of the binding of zinc to plasma in vitro
is a useful preliminary to in vivo studies. Addition of
the element to plasma in vitro allows the binding of
accurately measured quantities of both zinc and plasma
to be studied, unaffected by the many variaticns
introduced by the in vivo situation and hence the
binding capacity of the various plasma cémponents can
be investigated in a way which would bé impossible

vo. Also it seems reasonable to suppose that,

in

|

provided zinc binding is a passive process unaffected by
factors external to the plasma, the binding pattern of
zinc added to plasma in vitro will be the same as that
of zincbnewly absorbed into plasma . from the gastro-
intestinal tract anq this method therefore provides a
simple method of studying the first stage of binding

in vivo.

The most convenient way of studying the binding
of added zinc is by the use of a radioactive isotope
of zinc as a tracer and of the two radioisotopes of
zinc (see Appendix I), zinc-65 has been used almost
exclusively in metabolic studies to date. Several
studiés have been published on the binding of zinc-65%
added to plasma in vitre and while there is general
agreement fhat zinc is almost totally bound by the
plasma proteins and that the major part is becund to

albumin, there is some disagreement as to whether
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the globulin fraction binds added zinc and, if so,
which globulins are involved (Dennes et al, 1962;
Susro and Edwards, 1969; Bovett and Suliivan, 19703
Prasad and Cberleas, 1970; Parisi and Vallee, 1970).
Tn these studies the amounts of total zinc (stable
zinc plus zinc-65) added to the samples of serum and
plasma vary greatly. Some authors do not.spccify the
actual amounts of zinc added in their radioactive
solutions while others have added amounts which are at
least equal to that already present in the plasma or
serum sample.

The aim of the work described below was specifically
to study the effect of adding increasing amounts of =zinc
(from 0.5 to IOOOﬁ of the endogenous plasma level) on the
zinc binding pattern. Electrophoreéesis on cellulose
acetate strips was chosen as the method of separation
because it divides the proteins into the classic
érouping of albumin, Oﬂ-‘—, otz-,/.i -~ and Y-globulins and
provides an inert support medium which is easily stained
or cut into fra;tions for counting. High specific
activity zinc-65 chloride solution was used to enable
small) amounts of total zinc to be added to plasma while
still retaining adequate zinc-65 activity. Human
serum albumin labelled with iodine-=131 has been used
as a marker for the distribution of albumin along
the strips. Also, since it has been suggested that

the iron-binding globulin, transferrin, might be
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actively involved in the transport of zinc as well as
iron (Dennes et al, 1962; Boyett and Sullivan, 1970)
radioiron (iron—59) has been used to label the
transferrin in plasma and this distribution compared
with that obtained from zinc-65 added to the same
sample.

Since in the in vivo situation competition for zinc
by the plasma proteins occurs in a solution containing
a considerable quantity of low molecular weight compounds
dialysis of the plasma to remove this material prior
to addition of the zinc limits binding to the proteins.
However, as fhe low molecular weight components of
plasma might not only bind zinc themselves bui also
affect protein binding, the zinc has been added to
the physiological solution without prior dialysis.
Dialysis has only been carried out to study the
proportion of the added zinc which binds to the low
molecular weight fraction and to determine whether

the protein-bound zinc is removable by this method.

2.2 Materials and Methods

The zinc-65 was obtained as the chloride in 0. 1N
hydrochloric acid’and was diluted to a concentrétion
of 100)pg / ml. Since the specific activity of the
solution was originally about iOO mCi / mg the diluted
solution had an activity of 100/uCi_/ ml, Since zinc

chloride tends to precipitate from a neutral solution

no attempt was made to adjust the pH of the diluted
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solution, Iron-59 as ferric chloride was obtained as

a solution of specific activity approximately 10 mCi / ml
and was diluted to a concentration of 1 mg iron per ml
(100/Mﬁi / @1). Human serum albumin labelied with
iodine-1371 was diluted to a concentration of 50 uLi / ml.
All samples were diluted using double-distilled deionised
water whose measured zinc content was » 2}4.@; / 100 ml.
All radioactive solutions were obtained from the
Radiochemical Centre, Amefsham.

Plasma samples were obtained from five normal
volunteers, age 25 - 35 and from one patient suffering
from suspected Crohn's disease.with associated plasma
protein abnormalities. Venous blood samples were
withdrawn using a disposable syringe and needle and the
samples transferred tc vials containing lithium heparin.
The iithium salt of EDTA, lithium seauestrene, is the
anticoagulant usually used for stable zinc measurements
5ut since it is a powerful chelating agent it was
unsuitable for use in this study. To compare the
plasma zinc levels obtéined using containers treated
with heparin and with sequestrene, equal volumes of the
same blood sample were placed in one container
of each type and the samples centrifuged. *The plasma
from each was then withdrawn iﬁto antreated sterile
plastic vials. The zinc content ¢of each was measured
and the values obtained were the same, within the limits

of experimental error. Blood samples were centrifuged
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and aliquots of the plasmz samples of the required
volume were traﬁsferred tc sterile disposable plastic
vials. Solutions of stable zinc were made up using
AnalaR grade zinc in hydrochloric acid, diluted to
the required concentration using double-distilled
deionised water. Any necessary adjustment of pH

was made with hydrochloric acid. The zipc solutions
were added to the plasma samples slowly using a
disposable peclypropylene syringe and a stainless
steel needle. The samples were incubated for 10 minutes
at 3700 beforé separation,

Pure dried human albumin and transferrin
(Behringwerke, Ltd.) and dried ®R-globulins, designated
Cohn Fraction IV (Miles Laboratories, Inc.) were used
to increase the natural plasma levels of these proteins
in some samples.. The reguired amounts were either
dissolved in isotonic saline and added to the plasma
or usually, dissolved directly in the plasma samples.,

Electrophoresis was carried out on 2.5 cm x 12 cm
cellulose acetate strips using a barbitone / sodium
barbitone buffer. After separation the strips were
either cut into 2 mm sections along the length of the
strip or cut along the divisions bétween the protein
fractions., The techniques used for electrophoresis
and for preparation of the cellulose acetate strips
for counting are desgribed in Appendix II. To reduce

contamination the electrophoresis apparatus and all
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glassware were soaked in a solution of 50 ml Decon-90
(Decon Laboratories Ltd) per litre of double-distilled
deionised water for two hours and washed three times in
double~distilled deionised water before use., All
solutions used were made up using Analar grade chemicals
where mnossible and in double-~distilled deionised water.
Dialysis was carried out using Visking dialysis
tubing at a temperature of ROC. Metal contamination
in the tubing was removed by boiling the cut lengths
in a 10% solution of di-sodium EDTA for 10 minutes,
washing twice in double-distilled deionised water and
then boiling for 10 minutes in water. Plasma was
used in most of the experiments, but, because of the
fact that heparin's anticoagulant properties last for
énly a short time serum was used for all dialysis
experiments.

2.3 Measurement of 7Zinc Binding to the Low Molecular

Weight Traction in Plasma

Zinc~-65 chloride solution (Z‘Fﬂi) was added to 2 ml
normal serum and the sample diluted to 5 ml with
isotonic saline. The resultant solution was dialysed
against 500 ml isotonic saline at 4°Cc for 18 hours.
Two)uCi zinc-65 chloride in 5 ml isotonic saline was
dialysed against 300 ml isotonic saline at the same
time. The activity of 2 ml of the dialysate was
measured in each case and the total activity lost from

the samples calculated.
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Percentage activity lost by

zinc-G5 chloride in saline = 58%
Percentage activity lost
by serum = 3%

Therefore, assuming the same rate of dialysis
from both samples,

Total dialysable activity in

serum 4 = 2 * 100
. ~58
= 5.2%
. Dialysis can only provide information about the

low molecular weight compouan as a whole and gives no
information on the amount of unbound zinc ions existing
in the sample, Since zinc is a positively charged
cation excess zinc should separate from the plasma
proteins on electronhoresis, since they move towards
the anode, and thus enable an estimate of the free =zinc
to be made. Bowever, when zinc-65 chloride solution
was added to an equal volume of the barbitone buffer
and a sample of the solution separated using electrophoresis
in the buffer solution it was found that the activity
concentrated in a band towards the anode side of the

origin, indicating formation of a compound of zinc

3

ring an
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which acquired a net negative charge on appl
electric ficld. The position of this compound was
approximatély midway between the albumin and “1-
globulin fractions of the plasma proteins. To check,

therefore, whether any ionic zinc was preosent in the



active plasma, 5/u1 samples were run using isctonic
saline as the electrolyte. Although the solution was
not bufiered, stained strips showed that the proteins
had migrated towards the anode, while the activity of

a zinc=65 chloride-saliﬂe solution was found, as
expected, at the eathode side of the origin. The mean
activity of the (unstained) areas containing the
proteins from a number of strips was compared with the
maan activity of several 5/}1 samples of the radioactive
plasma. The values were found to be the same and no
measurable activity was detected at the cathode side

of the origin. Since all the added zinc appeared to
have been bound by the plasma constituents it was
decided that barbitone buffer could be used in further
experiments to take advantage of the sharper separation
obtainable,

2.4 Binding Pattern of Zinc to the Protein Fractions

An aliquot of 10 s#Ci zinc~65 solution in 0.1 ml
(O.u#g zinc) was added to 1 ml plasma. The endogenous
plasma zinc level was 98/ug / 100 ml and the amount added
therefore amounted to about 10% of the total plasma
zinc level. S/ul plasma samples were then separated
using barbitone buffer and each strip cut into 2 mm
sections as described in Appendix II. The zinc-65
activity of each 2 mm strip was plotted against
distance from the origin, giving the distribution shown

in Fig. 1, with a large peak coincident with the
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albumin fraction and a second smaller peak apparently
coincident with the ﬁz—globulins. To enable the
position of this second peak to be assessed more
accurately, human serum albumin labelled with iodine-131
was used to outline the distribution of the zinc-55 bound
to albumin and hence the distribution of the remaining
activity by subtraction. Fig. 2 shows thé distributions
of both iodine-131 and zinc-65 activities, obtained
from plasma samples containing both 15/ACi zinc-65 and
10/ACi iodine-~131 per ml of plasma. It can be seen
that the mobilities of the iodine-131- and of the zinc-65-
labelled albumin are in fact measurably different.
However, though transposed slightly, the zinc-65 curve
follows the iocdine-131 curve well enough to use the
iodine-131 distribution to calculate the tail of the
curve of the albumin-bound zinc-~65. VWhen this
distribution is subtracted it leaves a single peak
c;oincident with the Otz—globulins, as shown in Fig. 2.
Solutions of zinc-65 were added to plasma, taken
from the same subject each time, in amounts such that .
the total quantity of added zinc ranged from O.S/Mg
to 1 mg per 100 ml plasma. This covered the range of
from 0.5 to 1000% of the endogenous plasma level for
this subject (98/ﬁg / 100 ml plasma). 5/u1 samples
were separated and the distribution of radiocactivity
against distance migrated plotted in each case. In

all samples studied the distribution gave two peaks



coincident with the albumin and(ﬂz—gEQbulin regions,
though the relative height of the two peaks varied
with the amount of added =zinc, Serum samples containing
added zinc-65 also gave distributions of zinc-63
activity having two peaks in the albumin and “Q'
globulin regions.

5101 samples of radioactive plasma containing 20/Mg
added zinc were separated énd the strins dried and
fixed to sheets of X-ray film, The films were 1left
in the dark for five days and then developed. Tig.3
shows one of the autoradiographs obtained, together with
a stained strip frem 5/&1 plasﬁa without added zinc=-65,
separated at the same time: It can be seen that only
two bands, coincident with the albumin and c‘zwglobulin
fractions appear on the autoradiograph.

2.5 Quantitation of Zinc Binding in Plasma

Since the method used in this study detécts
binding only in the aibumin and *,-globulin regions the
ratio of the area under the albumin peak to that under
the ﬂé—globulin peak Was.used to quantitate the partiticn
of zinc between the protein fractions, for various levels
of added zinc. The distribution of zinc-65 activity
was plotted as above and the distribution of iodine-131-
labelled albhumin used to estimate the tail of the
distribution of albumin-bound zinc-65. The total area
under the albumin peak was then subtracted from the

total zinc-65 activity to give the area under the

second peak. Table 1 shows the ratios obtained
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from at least 10 different separations made on plasma
samples, for 10% and 25% added zinc (10/&g and 25‘ﬂ€
per 100 ml plasma),.taken'from the same donor but at
different times. It can be seen that though there is
considerable variation among the individual values, the
means do not differ significantly.

Since the separation obtained using electrophoresis
is highly dependent on such factors as buffer composition,
ambient temperature and plasma composition, the
Jollowing method was used to eliminate variation
introduced by differing experimental conditions, when
comparing the ratios obtainea on addition of C.5%, 10%,
100% and 1000% of the endogenous plasma zinc level.
Solutions of zinc-65 were prepared containing the
required amount of total zinc in 0.1 ml solution, each
solution having the same pH. 0.1'm1 of each sclution
was added %o 1 ml aliquots of the same plasma sample
and fifﬁl samples from the four aliquots were run
together in the same tank, six runs being made in all.
Since it had already been shown that measurable binding
occurred only to albumin and the dz-globulins, the
ratios of albumin- to globulin- bound zinc-65 activities
should be the same as those for albumin and the
d2~globulins throughout the range. The S/ul samprles
were separated so that the maximum separation of albumin
from globulins was achieved. The activity in each
fraction was measured and the albumin/globulin zinc=-65

ratios calculated. The results are shown in Table 2.
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They shcw an increase in albumin/globulin ratic with
increasing amount of added zinc. The probability that
the differences in the mean albumin/globulin ratio for
each of the distributions occurred by chance was
calculated using the Student-t test. While differences
between adjacent individual distribution have varying
significance, the increase is found consistently
.throughout the whole range.

The binding patterns for zinc-65 for plasma samples
from different normal donors were compared as follows.
20/*Ci zinc~65 solution (equivalent to ZO/Ag / 100 ml
plasma) was added to 1 ml plasma from each of five
donors and the binding patterns studied., These were all
found to have the general form of Fig. 1. Since it was
not possible to run all five sgmples in the tank at once
they were compared in groups of two, using four 5/#1
samples from each aliquot per run, and making every
attempt to keep the conditions of electrophoresis the
same throughout. The results are shown in Table 3.
Plasma zinc levels were in the range 85 - 160/ug / 100 m1
Plasma and none of the subjects had evidence of
pathological conditions which might cause altered zinc
metabolism, No significant différence could be
detected between any of the distributions of added
zinc-65, measured using the albumin/c*g-globulin ratios,

2.6 Relationship between Zinc Binding and Protein

Concentration in Plasma

Since it has been shown that there are two
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distinct fractions which bind zinc and which can be
separated by electrophoresis it would seem reasonable
to expect that there willlbe a relationship between
the amounts of protein present in each fraction ard the
amount of zinc bound by each of them. To test this
assumption the protein concentration of the plasma was
altered by addition of known amounts of specific protein
fractions and the binding pattern of zinc-65 added to the
modified plasma compared with that of the original., This
aepproaches the in vivo situation more closely than
adding zinc-65 to the individual proteins in solution.
The albumin content of one sample was measured and
an amount of dried human albumin equal to that already
present in the plasma was dissolved in the sample (thus
doubling the normal albumin level), 10/&Ci zinc-65
solution was added to 1 ml of this solution and to 1 ml
of the untreated plasma. Four 5/;1 samples of egcb
solution were run together as described above. The strips
were stained using ninhydrin (Appendix TI) and cut into
albumin and globulin fractions. The ratio of albumin /
globulin zinc-65 activities was then found for each strip
and the mean Qalues calculated. The ratios were found
to be (1.73 + 0.20) for the untreated plasma and
(3.20 + 0.08) for the sample containing twice the normal
ievel of albumin, an increcase of approximately a
factor of two, suggesting that for albumin the amount of

zinc bound is proporticnal to the guantity of the



34

protein present.

Since the d2~glcbulin fraction is heterogenecus,
this group could contain one or more proteins capable
of binding zinc (for the purpose of the present study
albumin has been considered as a homogeneous fraction).
Hence it is necessary to increase the obz-g]obulin
fraction as a whole, rather than using a single protein.
This was done in an approximate way by aésuming a normal
total ob~-globulin level of 800 mg / 100 ml in the plasma
sample and adding this concentration to 1 ml plasma and
thus approximately doubling the quantity of S-globulins
in the sample. Since the added protein ccntains
appreciable amounts of the other fractions, particularly
albumin, the ratios obtained do not accurately reflarct
the change in protein concentration. However, when
16 pCi of zinc-65 was added to each 1 ml sample (modified
and original plasma) and the mean albumin/globulin zinc-s3%
ratio calculated for eight 5/u1 samples, values of
(2.8 +0.7) for the normal plasma and (2.0 + 0.5) for the
plasma containing the additional ® -globulins were
obtained, showing a signrnificant increase in binding to
the dz—globulins when the ®-globulin level was
increased.

To test the hynothesis that transferrin is a
transport protein for zinc as well as for iron (pennes
et al, 1962; Boyett and Sullivan, 1970), zinc-65 and

iron-59 were added to the same plasma sample. The amount



of iren added was chosen so that the intal iron-
binding capacity was not exceeded and hence all the
iron added would bind to transferrin, producing a
single peak in the-ﬁ1—globu1ih rcgion. TO/ACi zinc-65
and 5/501 igon—59 were added to 1 ml plasma and 5/@1
samples separated, The cellulose acetate strips wvere
cut into 2 mm sections and the activities of each

isotope plctted, giving the graph of Fig. 4. This shows

is too small to be measured using this technique and is
negligible compared with the binding to the other
fractions., The experimeni was fepeated using plasma
from a second normal donor and similar results were
obtained. However when the transferrin level of one
plasma samnple was raised to approximately four times
the endogenous level (by dissolving the required amount
of the dried protein in the plasma) and 10/uCi zinc=-65
added to 1 ml plasma, measurable binding in the
p-globulin region was obtained,

One plasma sample was obtaiped from a patient with
severe malabsorption thought to be due to Crohn's
disease and whose plasma protein levels were grossly
abnormal. The binding pattern of zinc-65 to the
pPlasma was studied and it was fqunﬁ that the pattern
was noticeably different firom the normal one, with
a measurable peak in ﬂuaﬁ—globulin'region, besides the

albumin and d?-globulin veaks found in healthy subjects.
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2.7 Yftrect of Dialysis on P@jﬁiﬁgﬁyynykﬁﬂnc in Serum
Dialysis of 1 ml serum containing 20 /pCi zinc~65
(0.0Z/ug added zinc) against 2 ml of the same serum
contaiﬁing no active material over a period of two’
weeks showed that zinc-65 was lost continuously through
the membrane. Electrophoresis cf samples of the active
serum before and after dialysis and of the originally
" inactive serum after dialysis showed that'the zinc
was distributed as in Fig. 1 in each case. 0.2S/uCi
zinc-65 was added to 1.5 ml serum and the active serum
dialysed against 2.5 ml of the same serum for five
days. 0.25/ACi iron=-59 was added to a second 1.5 ml
sample and dialysed against 2.5 ml serum under
identical conditions. The activity of the originally
inactive serum samples was measured at intervals during
this pericd and the‘gain of activity plotted against
time for each sample, shown in Fig. 5. While no
activity was gained from the sample containing iron-~59
the zinc-65 was gradually lost from the other sample,
suggesting a weaker binding of zinc to both protein
fractions compared with the strong binding of iron
to transferrin.

2.8 Discussion

The present study has shown binding of added =zinc
to two protein fractions, albumin and the “b—globulins,
when the proteins are separated using electrophoresis

cn cellulose acetate strips. Cnly those two fractions



bound measurable cquantities of =zinc, even when the
amount of added zinc was ten times the normal level in
plasma, suggesting that the capacity of the plasma
proteins for zinc ions is very high, and unlikely to

be exceeded even by therapeutic doses of =zinc.

Although only albumin and the &b—globulins bind measurable
amounts of the added zinc in a range of from 0.5 - 1000%
of the normal level, the.relative amounts bound to each
vary with the amount of zinc added, from almost equal
partition between the two fractions at the lower end of
the range to almost two thirds binding to albumin at the
upper end. This ratio is als; dependent on the amounts
of each protein present im the sample, though the
variations in the plasma protein levels found in normal
subjects were presumably too small to affect the ratio,
since no difference in the ratios cbtained from a group
of normal subjects could be detected. However in one
case where the nlasma protein distribution was grossly
abnormal a difference in zinc binding was detected,

The binding of zinc to two fractions, demonstrated
using protein separation by electrophoresis on cellulose
acetate, is consistent with the results of other studies
which have used various forms of electrophoresis, all
of which have shown binding to both albumin and ito the
globulins, the greatest affinity for zinc being shown
by the dt-globulins (Dennes et al, 1962; Prasad and

Oberleas, 1970, Boyett and Sullivan, 1970).
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The degree of separation achievable by electrophoresis
is dependent on the support medium used and greater
separation of the proteins can be cbtained using support
media such as starch and acrylamide gels which combine’
electrophoretic separation with molecular sieve effects.
Dennes, Tupper and Vormall used filter paper as the |
support medium in their study of binding of zinc-65 to
the plasma nroteins in both rabbits and in human rlasma
in vitro. They showed that, when zinc-65 was added to
human plasma the isotope bound to the albumin and to all
of the globulin fractions, the ¢l-globulins showing the
greatest affinity among the élobulins and the‘Y-globulins
least. Prasad and Cbherleas used starch gel and they
also found that zinc-65 added to human-serum in vitro
bound to both albumin and globulin fractions and that
the ol-globulins bound the major paft of the globﬁlin
zinc-65. Boyett and Sullivan used an acrylic polymer
as the support medium and found that zinc-65 added
to human serum bound to both albumin and to a fraction
containing mainjy'dé-macroglobulin and transferruin,
and, in some cases, to immunoglobulin-G. They found
that when zinc-65 was added to serum samples from
patients suffering from hepatic cirrhosis who had
low scrum zinc levels, the percentage of added zinc=-55
bound by the albumin fraction was significantly lewer
than in noriral controls. They postulated that the

binding of zinc-65 to plasma samples in vitro could
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be used as an indicator of the manner in which the
endogenous zinc in plasma is bound to the proteins,

and they calculated the amount of stable zinc

associated with each protein fraction from the
percentage gf the added radiozinc found in each

fraction and the total serum zinc level. VWhile it is of
interest that they obtained maximum globulin binding

in a fraction containing‘dQ—macroglobulin, their
assumption that trace amounts of zinc-65 can be

used to measure endogenous binding is open to question.
It assumes, firstly, that added zinc will bind to all
the zinc-containing proteins iﬁ serum and hence that
all zinc-containing proteins obtain the zinc from
ionic zinc absorbed into plasma, and, secondly, that
binding of added =zinc will reflect.the partition of .
zinc among the proteins which already exists in the
sample, It would seem much more likely that this
method would indicate the capacity of the proteins
concerned for zinc, rather than the amounts already
vound to them.

In the present study the only globulin fraction
found to contain measurable zinc-65 activity was the
°(-‘g-globulins. However this fraction was located by
Plotting the distribution of zinc-£5 activity along
the cellulose acetate strip, which gave two Gaussian
distributions with peaks coincident with the albumin
andtxz—globulin regicns. A method which measures

only the radioactivity associated with the protein
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fractions as a whole would detect measurable activity
from the major binding proteins ih adjacenf fractions
also, since the protein distributions are continuous,
which would explain the finding of smaller amounts of
zinc-65 in both the ot1- and ﬁ-g]obulin fractions.

Boyett and Sullivan, who found that added =zinc was
bound by albumin and a fraction which contained both
‘ d2~macroglobulin and transferrin, suggested that
transferrin might be actively involved in zinc tramnsport
by plasma for this reason (Boyett and Sullivan, 1970).
However the present work has shown that, :when radioactive
iron-59 is used to label the transferrin in plasma, no
measurable activity associated with added zinc-65 could
be found in the area of the iron-binding peak. This
suggests that the zinc-65 in Bgyett and Sullivan's
second peak was bougd only toCiz-macroglobulin.

The pattern of zinc binding obtained in this study
agrees with that obtained by Parisi and Vallée for the
‘partition of the endogenous zinc among the plasma
proteins, with about two thirds of the zinc associated
with albumin and one third with one of theC¢2-globulins,
the zinec metalloprotein,(iz—macroglobulin (Parisi and
vallée, 1970). However it is significant that those
authors who have used methods of pfotein scparation
other than electrophoresis have not detected binding
of zinc-65 to any other protein than albumin, when

the isctove was added to the sample in vitro. In



particular, Parisi and Vallee found that zinc-65

added in vitro did not bind t0'ﬂued2—macroglobulin
fraction, but only to albumin, using chromatography

on Sephadex gel as the method of separation. Similar
results were obtained by Suso and ldwards using the
same method of protein separation (Suso and Tdwards,
1969). It is possible that the electric field applied
during electrophoretic separation affects the binding
of added zinc in some way, and this ié the more likely
since the binding of zinc to albumin is known to be
weak (Vikbladh, 1951; Parisi and Vallée,1970).
Comparison of the results obtained in the presenf wotrk
with separation using a chromatography techhnique is
thercfore essential, especially since clectrophoresis
on cellulose acetate strips is not suitable for the
separation of large volumes and hence useless for

separating samples labelled with zinc-65 in vivo, where

the low activities of the plasma samples necessitate
separation of relatively large volumes,

2.9 Conclusions

From the results of the work described above it cean

be concluded that:-

(a) Zinc-65 added to plasma in vitro is bound almost

D

entirely by twc protein fractions, albumin and the
d2~globulins, and this is true over a wide range of
levels of added zinc, from 0.5 to 1000% of the normal

Plasma zinc level.
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(b} The ratjo of amount of added zinc bound to albumin

to amount bound to XK,

Z-globulins varied with the amount

of zinc added, a larger proportion of the zinc being
bound by albumin for large quantities. of added zinc,
though these wvalues are affected by gross variations

in the concentrations of the particular proteins.,

(c) The proportions of added zinc=65 binding to the two
fractions are similar to those found for the partition

of endogencus zinc between the two fractions, found by
Parisi ﬁnd Vallée, though complementary studies using
ariother method of protein. separation are necessary before

the significance of this finding can be assessed.
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3.1 Reauirements for Separation of Plasma Samples

Labelled with Zinc in Vivo

While the addition of zinc to plasma in vitro can
give useful preliminary information on plasma protein
binding the ultimate aim of any study on the transvort
of a particular element by plasma must he to examine the
binding pattern obtained when it is introduced inte the
"plasma in vivo, either by studying the binding of the
endogenous stable element in plasma or the binding of a
trace quantity of a radioisotope of the element
administered in vivo. However since the levels of both
stable and radioactive zinc will be low it is essential
t0 be able to separate samples of several millilitres in
volume to obtain 2 sufficient concentration of zinc in
the protein fractions. Electrophoresis using cellulcse
acetate strips is tﬁerefore unsﬁitable for either
study. The purpose of the work described below was
therefore to develop a technique which would provide
reliable separation into known fractions of sufficiently
high concentration whose »nrotein content could be
accurately assessed. The technique was then used to
study the binding of zinc-65 added in vitro to the plasma
rroteins and the results obtained have been compared
with those previously reported using electrophoresis on
cellulose acetate strips.

There are several methods which can be used to
fractionate the required'vqlume of plasma, notably

Preparative electrophoresis, chromatography using
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ion-exchange eellulose and molecular sieve chromatographw
using cross-linked dextran gels. However the first two
methods »resent particular difficulties in the
measurement of the stable zinc levels in the protein
fractions. The possible redistribution of the zinc
caused by electrophoresis has been discussed in Chapter 2.
Chromatography on ion-exchange cellulose requires eluticn
of the proteins by a solution of gradually increasing

pH and concentration. Vhile this may not affect the
binding of =inc to the plasma components these fractions
are eluted in a solution of varving composition and
concentration, which creates problems in the accurate
assessment of the background level in the fractions when
measurihg the stable zinc concentration. The most
suitable Aethod therefore appegred to be chromatogranhyv
using cross-linked Aextran gels.

3.2 Chromatography Using Sephadex Gels

Water-soaked cross-linked dextrans form gels which
act as molecular sieves for molecules within a certain
size range, whose upper und lower limit depends on the
degree of cross-linkage of the dextran monomers,

Although strictly the separation is in order of molecular
size, it is generally true that this is also the order

of molecular weights, and it is found that the eclution
volume for a particular molecule is approximately
Proportional to the logarithm of its molecular weight.

Chromatography on cross-linked dextrans is
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particularly suitable for separation of the zinc-binding
plasma proteins for the following reasons:-

(a) The separation is a passive procedure depending
only on size and not on reaction of the sample molecules
with the gel. The possibility of the zinc binding being
altered by the separation procedure is therefore
minimised,

(b) Almost complete sample recovery is obtained and
hence guantitaticn and standardisation of the procedure
is readily achieved.

(c) Since the separation is a function of molecular
weight, good séparation of the.two proteins known to
bind zinc, namely albumin (molecular weight 69,000)

and dz—macroglobulin (molecular weight approximately
800,000) can be achieved using this method.

Sephadex G200, which fractionates in the molecular
weight range 800,000 -~ 5,000 is particularly suitable
for separation of the plasma proteins and this grade was
used in the preliminary studies described in this
chapter. A column 46 cm x 2.6 cm diameter was used
and elution carried out using a 0.1 M Tris(hydroxymethyl)-
methylamine / hydrochloric acid (Tris-HC1) buffer,

PH 8.0, made up in a 1M soluticn of sodium chloride.
The method used to prepare the gel and the separation
procedure are described in Appendix TII.

By this technique the separated sample emerges as a

continuous flow from the column and the fractions



consist of egual volumes »f the eluted solution, Fach
fraction contains a number of proteins in varying
concentraticen, the concentration of a particular
protein in any fraction being a function of the elution
vclume of that fraction. The total protein content of
the fractions was assessed using ultraviolet
spectrophotometry.

3.3 Measurement of Total Protein Concentration

Since protein solutions absorb uvltraviolet light
strongly, with maximum absorption at wavelength 280 nm,
measurement of the absorption of light of this
wavelength by the sample gives a useful indication of
the protein concentration of the column fractions. The
measurements were carried out as described in Appendix TV,
The method is not suitable for'quantitative evaluation,
however. When the ;ariation in absorbance at 280 nnm
with concentration was measured for serum diluted with
Tris-HC1l buffer and for albumin and transferrin
dissolved in the same buffer, it was found that albumin
has a lower absorbance at this wavelength than the
same concentration of either transferrin or whole serum.
Since the relative absorbances of the proteins vary in
a non-linear wanner with concentration attempts to
estimate total protegn concentration f;om ultraviolet
absorption measurements are of little value for solutions
containing a number of different proteins. However these

measurements do provide a .useful qualitative estimate of
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the separation, since the distribution shovws three
separate peaks, the first representing the high
molecular weight fractionA(around 800,000) the second
being composed mainly of the 7S gamma globulins and the
third consisting mainly of albumin. The three peaks

act as useful markers and provide a guide for more
detailed analyses. Fig. 6 shows the variation of
absorbance with elution volume for plasma samples of

3 ml, 5 ml and 10 ml, when separated into 6 ml fractions.

3.4 Distribution of the Proteins among the Column

Fractions

Cellulose acetate electrophoresis and
immunbelectrophoresis of the column fractions were csrrieod
out to.determine the distribution of the individual
proteins among-the fractions. A sample of pooled normal
serum (6 ml) was separated into 6 ml fractions using
Tris-HC1 buffer and a flow rate of 21.6 ml / hr. The
absorbance at 280 nm was measured for each fraction
and Fraction 1 was taken to be the first containing
measurable protein concentration. The maxima for the
three protein peaks occurred at fractions 3, 8 and 13.
5 pl samples of fractions 1 - 17 were then separated by
elecﬁrophoresis on cellulose acetate strips and‘2/&1
samples separated using immunoelectrophoresis in agar
gel., The methods used are described in Appendix T.
WVhere difficulties in identifying the major individual

arcs in the immunoelectrophoresis slides arose they
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were identified using monospecific antisera. If the
proteins are considered as occurring in three groups,
corresponding to the three.peaks in the protein
distribution, then the first group consists of fractions
1 - 5 and contain the proteins with molecular weight in
excess of 500,000, The major proteins are immunoglobulin-¥,
dz—macroglobulin and dQ—haptoglobin, which, although it
has a molecular weight of 160,000, is atypical and
appears to have a much greater molecular weight when
separated using Sephadex gel. The second group {fractiors
6 - 11) consists of the proteins in the molecular weight
range 500,000 - 100,000 and the main constituents are
immunoglobulin-G, caeruloplasmin and significant
quantities of albumin. The third group contains mainly
albumin and transferrin. The immunoelectrophoresis
slides showed that group III and, to a lesser extent,
group II, contain a considerable number of other proteiné
wvhich are present in lower concentrations. Fig. 7
compares ithe stained strips from cellulose acetate
electrophoresis and the immunoelectrophoresis slides for
the two samples with wmaximum protein concentration in
group 1 with those having maximum concentration in grvoup
IIT, together with serum sampleé. It can be scen that
while those in group IIXI contain a fairly large number

of proteins, group I contains only significant amounté

Y

of dz-globulins, identified as ¢ 2-macroglobulin and

3

°é~hantoglobin by immunoelectrophoresis.
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3.5 Quantitative Estimatien of Individual Protein

Concentrations

Immunoelectrophoresis can identify the individual
proteins contained in each fraction but can give no
information on their relative concentrations. Since it
has been shown that 2ll the fractions contain a number
of proteins in varying concentration singlé radial
diffusion in agar gel containing monospecific antisera
to the major serum proteins was used to meaéure the
concentration of these proteins. Although agar plates
incorporating antiserum are available commercially these
are cxpensive and not sufficienfly flexible to cope with
a wide range of concentrations. Accordingly, the plates
were made up when required using the neccssary specific
antisera. The technique used is described in Appendix V.

The most reliable method for quantitation of
radial immunodiffusion ié that described by-Mancini,
Carbonara and Heremans (Mancini et a1, 1965), where the
antigen samples are left to diffuse in the gel until
no further precipitation of antigen-antibody complex
occurs. Mancini and his associates found that when
diffusion is complete there is a linear relationship
between the area of the precipitin'rings and the
concentration of the antigen in the sample. In the
Present study it was found that the concentration
could be described sufficiently accurately by an
exponential function of the diameter, for varying times

of diffusion.
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A sample of serum was diluted to half strengfh with
Tris-HC1l bufier., Half of this sample (called 100%
concentration) was further diluted with an equal volume
of bufrfer and the process repeated six times, giving
concentrations-of 100%, 507, 25%, 12,57, 6.25"7, 3.13%,
1.56% and 0.78%. Three plates, area 8 cm x 16 cm, were
made up incorporating antiserum to human albumin in

.the gél and 2 /,,1 samples of serum at thebrequired
dilution placed in the wells. The diaméters of the
precipitin rings were measured at 17 hours, %1 hours =zand
65 hours. A least squares fit to both an exponential
function of the diameter and to a linear function of the
square of the diameter (i.e. to the area) was calculated
for each plate. It was found that an expounential function
gave a much better fit to the experimental points than

a linear function for each of the time intervals

chosen. The calculated exponential curves, tcgether
with the experimental points, are shown in Fig, 8.

An exponential function of this form was therefore

used for all subsequent estimations of protein
concentration. Four standards consisting of known
dilutions of serum or plasma were included in each
plate.and the equation of the standard curve plotted
using a least squares fit to an exponential function.

' One sample containing a known concentration of the
Particular protein was included when absolute

measurements of protein concentration were required.



52

The concentrations of seversal of the major proteins
in the column fractions were then ineasured. The proteins
were chosen such that their molecular weights covered
the range of the plasma proteins and aiso so that the
separation achieved of proteins of similar molecular
weights could be assessed (for example, of albumin and
transferrin,

The proteins studied were:-

Molecular Weight

Albumin 69,000
Transferrin 90,000
Caeruloplasmin 160,000
Immunoglobulin-G 160,000
Haptoglobin 160,000

(separa?és as if of molecular
weight 500,000)
d.z-macroglobulin 820,000
Immunoglobulin-M 1,000,000
Plates were made up using the appropriate specific
antisera and the concentrations measured in those
fractions shown to contain measurable quanti?ies of the
Particular protein from the immunoelectrophoresis slides,
The results are ‘shewn in Fig. 9, together with the
abscorbance at 280 nm of the fractions. To cnable
the distribution of the other proteins to be included
only the lower half of the albumin peak has been shown.

The protein distributicns show the wide range of’
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concentrations of the individual proteins and particularly
that even a small percentage of the total albumin
content, which is present in many of the fraétions,
accounts for a significant proportion of the protein
content of that fraction. However the fractions
containing the proteins of high melecular weight, and,
in particular, those containing °¢2-macroglobulin,
contain a negligible amount of albumin. >If the relative
positions of the peaks of the individuél proteins

are considered, rather than the amounts of protein
present, it can be seen that separation of the protein
peaks is achieved, even for proteins of similar

molecular weight such as albumin and transferrin.

3.6 Measurement of Albumin Concentration

| Since there is substantial.evidence that the major
part of the plasma zinc is bound to albumin it is
particularly important in a study of this kind to be
able to assess accurately the concentration of albumin
in each of the fractioﬁs,vespecially since it is present
in such excess over any of the other proteins. Also
separation using gel chrcocmatography has the disadvantage
that albumin is poorly separated from a large nunber
of other proteins and any bindiné of zinc to these
pProteins in fractions containing apprcciable amcunts
of albumin will tend to be masked by it and will be
detectable by its distortion off the shape of the

albumin-bound zinc distribution rather than as a
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separate peak, Separation from the greater binding to
albumin is only possible if the albumin concentration
in each fraction can be esfimated accurately.

As with the other proteins radial immunodiffusinon
is the most accurate method available for albumin
estimation. However there are several disadvantages to
this method, particularly for samples of high albumin
concentration, 1f the concentration of antiserum in
the pel is adjusted to allow measurement of a large
range of concentrations, samples with high concentrations
produce precipitin rings which are large and difficult
to see and therefore difficult to measure.

A more rapid estimation of albumin concentration
can be obtained by utilising the marked affinity of
albumin for certain dyes. In particular, methyl orange
is bound almost completely by the albumin in serum or
plasma and produces graded colour changes depending on
the amount of albumin present. These changes can be
measured using a spectrophotometer and the amount of
albumin calculated from a calibration curve. The
technique used is described in Appendix IV. The
variation of absorbance at 540 nm for a solution of
pure albumin dissolved in buffér and for diluted serum
containing a known amount of albumin was studied. It
was found that each curve could be described accurately
by an exponential function, but that the curves

obtained for the two samples were not coincident.



This is due to the existence in serum and plasma of
other proteins with a slight affinity for the dye and

of pipments such as bilirﬁbin wvhich affect the absorbance
in proportion to their concentration. Hence in
measurements of albumin levels in fractions from serum
and plasma samples a range of dilutions of the serum or
plasma to be studied was used to derive the standard
curve, the equation of which was calculated using a
least squares fit to an exponential function. The
presence of other proteins in the fractions with low
albumin content gives a sligptly overestimated result
for the albumin level in these fractions but this was
not found ito be significant. When compared with the
results obtained using immunoelectrophoresis this methoed
was found to be of comparable accuracy for albumin
measurements and was therefore used except where
absolute measurements were required.

3.7 Determination of Cptimum Sawmnle Size

Since the ultimate aim of the separation procedure
is to relate the zinc level in the separated fractions
with their protein content, it is important to obtain

good separation of the proteins while retaining maximum

"3

rotein concentration, Accordingly, plasma samples of

q

i)

.5 ml, 5 ml and 10 ml were separated and the albumnin
concentrations measured using methyl orange reagent.
The variation of concentration with eluted volume is

plotted in Fig. 10 for each case. If the width



of the albumin curve at half its height is used as a
measure of the sharpness of the peaks (and hence as

a measurement of the separation obtainable) the values
are 16.8, 15.0 and 16.8 for the curves for 2.5 ml,

5 ml and 10 ml respectively. Although the sharpness of
the peaks also depends on the evenness of the applicatior
of the sample onto the drained gel hed it can be seen
that there is no measurable loss of resclution with this
size of column in using 10 ml rather than smaller samples
and that cutting down the sample size to less than

5 ml only reduces the protein concentration without =2
corresponding gain in resoluéion.

3.8 Addition of Zinc-65 to Plasma and Serum in Vitro

High specific activity zinc-635 chloride solution
(100 mCi / mg) was diluted using double-distilled
deionised water to a concentration.of 0.01/*Ci / ml.
This solution was added to serum or plasma in a
concentration of 0.1 ml per ml plasma or serum., In the
work described below this is referred to as "trace
amounts" of zinc and added less than 1/pg ﬁinc per
100 ml serum or plasma.

A trace guantity of zinc-65 was added to a 4 ml
sample of plasma from a normal donor, together with
a trace amount of iosdine-131-labelled human serum albumi=n,
and the sample incubated at 37°C for 30 minutes.

The samplé was then separated into 6 ml fractions using

a column of Sephadex G200. The ginc-65 and iodine-131i
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activities in the fractions and the absorbance of

light at 280 nm were measured. The zinc-65 and iodine-1731

activities are plotted as a percentage of the maximum

value in Fig. 11, It can be scen that, though there

is slight binding to the higher» molecular weight proteins,

the major proportion of the zinc-65 activity is

coincident with the albumin fraction, whose distribution

is outlined by the iodine-131 distribution. In

particular there is little binding to fractions 1 - 5,

which contain the dz-macroglobulin of the plasma.
Comparison of the binding patterns of varving

quantities of added zinc was cafried out as follows,

Amounts of =zinc, containing zinc-65, equivalent to

addition of 0.1 ug / 100 mi, 50 p / 100 ml and

ZOO‘Mg / 100 ml plasma, were added -to aliquots of

2,5 ml plasma from a single donor and each sample

incubated at 3700 for 20 minutes. The samplés were

then separated into 3.7 ml fractions using a ceclumn

of Sephadex G200. The zinc-65 activity and the

ulbumin level (measured using the absorption at 5L0 nm.

in methyl orange reagent) were measured for each fraction

for each of the three separations. The distribution

for trace amounts of zinc-65% was as in Fig. 11 and the

distributions for 50 e and 200 g / 100 ml are shown

in Fig, 12, It can be scen that the zinc-65 and

albumin distributions are coincident, within the limits

of experimental error, in all three cases. ‘These results
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suggest that albumin binds virtually all the added zinc,
even when the nlasma level is raised to twice the
endogecnous level.
When a trace amount of zinc-65 was added to serum
a similar binding pattern was obtained, with almost'
all the added zinc associated with the albumin fraction.
These results are apparcently in disagreement with
those previously discussed in Chapter 2,'obtained
using electronhoretic separation on ceilu]ose acetéte
strips, where an appreciable pronortion (about one
third) of the =zinc-65 activity was associated with the
¢2—globulin f'raction. These results could be reconciled,
however, if the molecular weight of'ﬂurdz-globulin
fraction which binds the added zinc was very similar
to that of albumin, since it would then coincide with
albumin on separation using gel chromatography. To
investigate this possibility, 8 x 5/»1 samples of
plasma, labelled with 20/501 zinc-65 per ml, were
separated using electrophoresis .on cellulose acetate,
The & -globulin fractions were cut out of each strip
and the proteins washed using Tris-HC1l buffer into
a plastic vial. This eluate was made up to 4 ml and
sepafatcd into 6 ml fractions using a column oflG2OO
and the =zinc-65 activity mcasured over the molccular
veight range of the plasma proteins. Since the
Protein level in the fractions was too low to be

measured in the usual way the void volume of the
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column was measured (Appendix I11) ard the molecular
weight range of the plasma proteins estimated from this
value. The activity in each of the fractions is
plotted in Fig. 13. This shows measurable activity
over the whole range of the plasma proteins, with a
small peak in the high molecular weight region
coincident with the exclusion limit of the‘column.

As previous separation of whole plasma samples labelled
with zine-65 in vitro have shown a concentration of
more than 90% of the activity in the albumin region, it
can be seen that the separation of theé -globulin
fraction produced by electrophoresis does not provide

a second zinc-binding fraction with dz-globulin
mobility and of molecular weight similar to albumin,
but rather zinc labelling throughout the proteins of

higher molecular weight.

3.9 Discussion

It has been shown that a column of Sephadex G200,
46 cm x 2.6 cm diameter, can provide adequate separation
of the major proteins of serum or plasma, for samples
of up to 10 ml volume, providing separation of such
closely spaced proteins as albumin and transferrin, with
a dilution to about a quarter of the total plasma level
in the fractions ceontaining maximum concentration of
the protein. The method therefore provides adequate
separation without too great sample dilution, even for

relatively large sample volumes.
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Separation of plasma samples to whnich zinc-£5 heas
been added in vitro gives a distribution of zinc-63
activity with a single large peak coincident with that
of the albumin distribution. It is significant that
there is no appreciable binding in the high molecular
weight range (fractions 1 - 5), which contain the
dz—macroglobulin in the sample, since this protein is
known to be a zinc metalloprotein. Thesé.results agree
with thése obtained by Parisi and Vallge using
chromatography on Sephadex G100 (Parisi and Valléo, 1970}.
This binding pattern was obtained for amounts of added
zinc from 1 - 200% of the average endogenous level
of 100/;g / 100 ml plasma.,

Cellulose acetate electrophoresis separation,; cn the
other hand, gives two distinct peaks in the distribution
of protein bound zinc-65, one coincident with albumin
and the other with the 'olz-globulins. When the

4
d'-globulin fraction thus labelled is separated using

2
a column of Sephadex G200 the zinc-65 activity is fouqd
throughout the whole molecular weight range of the
prqteins; and not only in the albumin region. These
results support the hypothesis put forward in Chapter 2
thatvthc‘electric field applied during electrophoresis

causes redistribtution of the beound zinc among the
Protein fractions.

These results show the immortant part which can

be played by the metﬁod of protein separation chosen in
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studying the binding of truce elements to proteins.
HHence the results obtained, from both in vitro and

in vivo exneriments, may only be valid within the frame

vt

of reference defined by the method of protein
separation chosen, The usefulness of any particular
method will therefeore depend on its ability to
differentiate between certain states, for example, the
ability tc detect diffefences in‘plasma zinc binding
caused by particular pathological conditions which
affect the plasma zinc concentration., It is also
essential that the method gives similar and repeatable
results on plasma samples fro; patients with normal
zinc metabolism. The suitability of a particular method
will therefore only be determined after study of bcth
normal and abﬁormal plaéma or serum labelled with =zinc
in vivo, either by studying the distribution of
endogenous zinc or in vivo labelling by zinc-65.

3.10 Conclusions

(a) Chromatography using Sephadex G200 gives good
separation of plasma or serum samples up to 10 ml, with
acceptable sample dilution. The method is therefore
suitable for use in the study cof endogenous zinc binding
and of zinc-65 introduced into plasma in vivo,

(b) Sepnration of plasma our serum containing zinc,
with’zinc-GS, added to plasma in vitro in amounts from
1 - 200% of the avérage endogenous plasma zinc level

gives a zinc-65 distribution with a single peak
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coincident with the albumin distribution, in contrast
with the distribution obtained after separation using
electrophoresis on cellulose acetate, which gave a
secohd peak coincident with the dé~globulins, as well

as that in the albumin region. It is therefcre apparent
that the =zinc-containing dé—macroglobulin described

by Parisi and Vallée is produced only in vivo, since

this protein is well separated from albumin using

gel chromatography.
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4,1 Introduction

Measurements on the binding of =zinc to plasma
in vitro have shown that the major protein involved in
binding exogenous zinc is albumin and that this is
probably a fairly weak bond, easily broken by external
forces. PFrovided in vivo binding of zinc is a passive
process uninfluenced by factors only present in the
body, it can be assumed that the in vitroﬁbinding
pattern will be the same as that for newly absorbed zinc,
that is, zinc released from the dietary constituents
in the gastro-intestinal tract and absorbed intc the
rlasma for transport to the organs and tissues. The
endogenous zinc in plasma, on the other hand, has several
rossible components:-
(a) Newly absorbed zinc.
(b) Intermediate metabolites containing zinc -
substancés such as zinc~containing proteins which
have been manufactured by the organs for use
elsewhere in the body and which are being transported
there by plasma.
(c) Excretion products, produced by tissue
breakdown, whose zinc is in a form which can be
excreted via the kidneys.
The binding pattern of the stable zinc to .the
Plasma constituents is therefore an equilibrium pattern
and, in a homcostatically controlled system is probably

fairly constant for a particular individual. Tt is a
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purely static picture, giving no information about

the fate of a particular zinc-containing fraction.
However, it does present a'composite pattern containing
2ll the physiologically important zinc-containing
components, This makes it particularly suitable as

a means of comparing plasma or serum samples, both
normal and abnormal (from patients with abnormal zinc
metabolism, Also when étudies on the binding of stable
zinc in plasma are combined with studies using
radioactive zinc, useful information can be obtained

on the kinetics of the various fractions.

After the initial studieg of Vikbladh (Vikbladh,
1951) showed that serum zinc exists as two fractions,
one tightly bound and the other fairly loosely bound
and identifiable with albumin, the problem has been
studied in greater detail, particularly by Vallée and
his associates (Himrmelhoch et al, 1966; Parisi and
Vallée, 1970). The protein fractions appear to contain
several zinc-containing proteins, none of which can be
identified with known zinc metalloenzymes. Parisi
and Valléé showed that the zinc present in normal
pooled human serum has two main components, one loosely
bound to albumin and the other firmly attached to
dé-macroglobulin, which they showed to be a zinc
metalloprotein, containing between 320 to 770/ug zinc
per g protein, in a number cf(%z—macroglobulin
Preparations.

¥hile little work has béen reported on the stable
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zinc content of the low molecular weight components
(probably because of the small quantity) it is generally
recognised that a small pefcentage of the plasma =zinc

is present in this fraction, probably bound to

amino acids.

It has been shown previously that chromatography
using Sevrhadex gel allows senaration of plasma samples
into fractions which are sufficiently concentrated to
make measurement of the stable zinc content of the
fractions feasible. The method also allows clear

separation of albumin from ol .

2-macroglobulin. The aim

of the present work has been to study the stable zinc
binding using gel chromatography in serum and plasma
from normal subjects and to establish whether the
pattern obtained by Parisi and Vallée is found in
individual samples of plasma. The relative amounts of
zinc bound to each of the protein fractions has been
determined, in both normal controls and in patients
with suspected zinc deficiency, and a method developed
for measuring the relative amounts of zinc bound to the
protein fractions in plasma which is rapid and simple
tq perform. |

k,2 Measurement of Trace Amounts of Stable Zinc

Early colorimetric methiods of zinc estimation using
reagents such as dithizone, which form a coloured complex
with the zinc in solution and whose colour can be

used to estimate the amount of zinc present, have been
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largely superseded by methods which make use of the
fundamental properties of the zinc atem. Two methods
of this type are in current use to measure trace
quantities of stable zinc. The first, activation
analysis, uses irradiation of the sample by thermal
neutrons, converting a proportion of the stable zinc
atoms to zinc-65. Measurement of the zinc=-65 activitw
in the irradiated sample enables the amount of stable
zinc originally present to be calculated. This methcd
is particularly useful for samples in solid form,.
However, for liquid samples atomic absorption spectromezry
is more suitahle. This methéd measures the absorption
of light by atoms in the ground state in a sample
which has been vapourised in a flame, Conventional
emission specfrometry does not provide a sufficient
numbér of excited atoms to make thé method sensitive
enough for use in trace element amnalysis, but use of
the absorption of light by the more numerous unexcited
atoms increases the sensitivity to an extent which
makes accurate measurement of the zinc levels in
biological fluids possible. The sensitivity of the
method is virtually the same as for activation analysis
- about 0,01 ppm or, in the case of plasma or serum,
approximately 1/*g / 100 ml. Atomic absorption
spectrometry has therefcre been used to measure the
zinc céntent of the plasma and serum samples, and of

the fractions from the Sephadex cclumns.
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The normal range of values for plasma zinc levels
is 80 - 120/;g / 100 ml. Normal serum values are
reported to he about 16% higher (Halsted and Smith, 1970)
due to release of zinc on platelet disintegration.
Abnormal 1evels to date havé been reported as usuzlily
lower than the normal range and low plasma zinc values
have been found to be a feature of a variety of
pathological conditions, from myocardial.infarction to
hepatic cirrhosis. To be applicable o%er the whole
range of plasma zinc levels, the method used to measure
the stable zinc binding should be sensitive enough
to measure the zinc content of fractions from both
normal and abnormal plasma. It has been shown previously
that there is no advantage to be gained in sharpness
of separation in using samples .of less than 5 ml.
Samples of this volume give a dilution to approximately
a quarter of the plasma level for individual proteins
in the fraction with maximum concentration of the
protein. It should therefore be possible to measure
at least the major protein-bound components, even in
samples with very low plasma zinc levels, provided
background contamination can be kept to a minimum.

A Perkin Elmer atomic absorpfion spectrometer
(Model #03) using acetylene as fuel and air as oxidant
was used for all the stable zinc measurements. Zinc
was measﬁred at a wavelgngth of 213.8 nm and samples

were diluted to quartér étrength using propanol, to



reduce variations in sample viscosity. The method is
described in Appendix VI.

4,3 Removal of Contamination

One of the major problems involved in trace element
analysis is that of sample contamination by small
quantities of the element on glassware, in reagents, etc.
The number of intermediate stages in the sample
preparation was therefore reduced to a minimum and
plastic disposable containers used where possible.

Blood samples were withdrawn into plastic wvials and

the plasma or serum removed after centrifugation using

a disposable plastic syringe. Because of the powerful
chelating activity of 1lithium EDTA, heparin was used

as an anticoagulant for all plasma samples where protein-
bound zinc was to be studied. It has been shown
previously (Chapter 2) that no significant increase in
plasma zinc level resulted from the use of heparin.

Water supplies used for both rinsing glassware and
for making up solutions were first double-distilled
then deionised until the resistivity was greater than
3 Mficm. No zinc could be detected in the water after

this procedure. All reagents used were of the highest

failing that AnalaR).
Measurements of the zinc level of the Tris-HC1
buffer in 1M NaCl solution gave values of approximately

U3/»g / 100 ml. When the zinc content of the individual

¥ British Drug Houses
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components of the buffer were measured it was found tha:
a 1M sodium chloride solution gave the same valuec.
The sodium chloride solution was then passed through a
46 cm x 2.6 cm column of Chelex-100 chelating resin
(Bio-Rad Laboratories, Ltd)} to remove the contaminating
zinc. However this resulted in only marginal improvement.
As Chelex-~100 had been found capable of removing
even tightly bound zinc from compounds it.was assumed
that the high sodium content of the soiution increased
the background in the atomic absorption measurements.
Accordingly, the amount of sodium chloride in the
buffer was reduced to O0.1M, which gave a total zinc
level in the buffer of O - 2/”; / 100 ml. This
reduction was found to have no measurable effect
on the in vifro binding of zinc-65 to plasma.
However albumin is known to have an increased tendency
to -form polymers in a solution of low ionic strength
’and arpreciable amounts of albumin dimer and higher
rolymers in the sample result in measurable amounts
of albumin across the major parf of the plasma
protein distribution. The albumin distribution
obtained using O0.1M NaCl-buffer solution as eluant
was éompared with that obtained from 1M NaCl-buffer
solution., Neo measurable increase in tailing of
the protein could be detected.

The Sephadex gel, which itself contains appreciable

amounts of zinc, was washed using several volumes of
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of the buffer until the zinc level in the eluant from
the column was equal to that of the original buffer.

The glass columns were decontaminated by soaking
them in a 2% solution of Decon-90 at elevated
temperature for several hours and rinsing several
times with double-distilled deionised water. The
plastic tubing connecting the buffer reservoir, the
column and the fraction collector were décontaminated by
pumping a 2% solution of Decon-90 throﬁgh the system for
several hours, followed by several rinses of double-
distilled deionised water. Disposable plastic vials
were used to collect the column fractions.

L,4 Separation Using Sephadex G200

Volumes of serum and plasma were separated into
6 ml fractions using a 46 cm x.2.6 cm diameter column
of Sephadex G200 using a Tris-HC1l buffer, pH 8.0, in
0.1 sodium chloride soclution as eluant. Approximately
half of each sample was poured into a second similar
vial, for protein measurement, etc. and the zinc level
of the solution in the original vial measured, thus
reducing the chance of contamination in the sample.
The absorbance at 280 nm and the albumin level,
caleulated using the ahsorption of the solution in
methyl orange reagent, were measured for each of
the fractions from the column. Fig. 14 shows the
distribution of stable zinc in the fractions obtained

on separation of a 6 ml plasma sample from a normal



72

donor; together with the albumin distribution. It c=n
be seen that the zinc distribution has two distinct
peaks, one roughly coincident with albumin and the
other in the region of the exclusion 1limit for the gel,
that is, in the molecular weight range 1,000,000 - 200,C0C.
The protein fractions in this region'contain mainly
immunoglobulin-M, haptoglobin and dé-macroglobulin.
Quantitative immunodiffusion measuremepts'of‘the levels
of the three proteins in the relevant fractions were
carried out and the individual protein distributions
piotted. Only the distribution for (xz—macroglobulin
conformed to that of the second peak, as shown in
Fig. 14, Since extensive work has been carried out to
show that this protein does contain zinc it was concluded
that the peak in the zinc distribution is due to that
associated with this protein..Assuming that the zinc is
associated with only the two components répresented by
the two peaks and calculating the areas under the twe
peaks, the amount bound to albumin was found to be 70%
of the total endogenous zinc level of 90 Mg / 100 ml
plasma and that to dz—macroglobulin 30%.

The separation was repeated using a second sample of
plasma taken at a later date from the same domor. A
similar binding pattern was obtained, with 75% of the

"plasma zinc bound to albumin and 25% tolxz-macroglobulin.

~A 7.5 ml sample of serum, again from the same
subject, was separated into 6 ml fractions and the

stable zinc content, absorbance at 280 nm and albumin



lJevels measured. As for the plasma samples, the zinc
distribution had two peaks coincident with the
distributions of ¢;fmmcroglobulin and albumin. No
obvious difference between the distributions of zinc
in serum and in plasma could be detected. The
percentages bound to the two fractions for the serum
sample were 23% bound to & ,-macroglobulin and 77%
bound to albumin. A trace amount of ziﬁcr65 was added
to 2.5 ml of the same serum and the saﬁple separgted
into 6 ml fractions under the same experimental
conditions. The distributions of endogenous stable
zinc and added zinc-65 for the two serum samples are
shown in Fig. 15. It can be seen that the single peak
in the distribution for the added zinc-65 is coincident
with the larger of the two peaks in the endogenous
'distribution but no measurable zinc-65 activity was
found in the dé-macroglobulin region.

Plasma samples frcm two other normal subjects were
separated in the same way. Both gave zinc distributions
of the same general shape as that obtained for the
first subject, with two peaks coincident with albumin
and(Xz—macroglobulin. The percentages of zinc bound
to albumin and to dé—macroglobulin were 75% and 25%
for one subject and 67% and 33% for the other.

In all the samples studied the total plasma zinc
concentration was found to be associated with the

plasma proteins. Measurements made of the zinc levels
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in the fracitions containing the lower molecular
weight components in plasma gave values which were
indistinguishable from background levels,

4.5 Separation Using Sephadex G75 and G100

The separation procedure outlined above has been
designed to give maximum separation of the plasma
proteins throughout the whole molecular weight spectrum.
, However, it is not particularly suitable for comparing
the results obtained from a number of éamples, since
the procedure is a relatively lengthy one (about
12 hours) and if excessive dilution of the protein
fractions is to be avoided, requires large blood
samples (about 12 ml). Also the use of large volumes
of buffer and a large column inevitably increase the
background zinc leyel and the chance of contamination in
the fraction. Since the distribution of stable zinc
amcng the plasma proteins is concentrated in two regions,
widely separated in molecular weight, use of a grade
of Sephadex gel whose exclusion limit occurs for a
lower molecular weight s@ould bring the twé peaks
closer together, but still separable, assuming that
the zinc is entirely bound to ﬁb-macroglobulin and to
albﬁmin, or to groups of proteiﬁs whose molecular weight
is very similar to these proteins.

In theory, adequate separation is achieved when

one fraction is obtained which has measurable amounts of

one of the proteins and none of the other. The zinc
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in that fracticn is therefore associated with only
one protein and, if the amount of the protein in the
fraction is expressed as a pércentage of the total plasma
level, the total amount of zinc associated with the
protein can be calculated. The amount of zinc bound to
the second protein can then be found by subtraction.

Sephadex &75 fractionates in the molecﬁlar weight
range 80,000 - 3,000 and therefore most of the plasma
proteins are excluded from the gel and are eluted
together at a volume approximately equal to the void
volume of the column. However glbumin is within the
fractionation range of the gel and is therefore
separated from the proteins, including'(Xz—macroglobulin,
which are excluded from the gel.

An initial trial was. carried out using an 18.5 cm x
1.6 cm diameter column of Sephadex G75, packed and
equilibrated with Tris-HCl buffer in O.1M sqdium chloride
sQlution as described in Appendix III. Samples of
serum were obtained from six normal donors, five male
and one female, in the age range 20 - 35, and 2 ml
aliquots were separated into 2.4 ml fractions at a flow
rate of 14.6 ml / hour. It was found that 95% of the
proteins were concentrated into four fractions, with
only a small proportion of the heavier protcins,
dé—macroglobulin in particular, in the second two
fractions, which contaiﬁed most of the albumin. The

total serum zinc level, the stable zinc content of the
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fractions, the albumin distribution (measured using the
absorption by the fraction of light at 540 nm in methyl
orange reagent) and the absorbance at 280 nm of the
fractions were measured in each case. A typical
separation is given in Fig. 16, showing the absorbance
at 280 nm, the stable zinc concentration and the albumnin
level in the fractions. Using the fraction containing
" maximum albumin concentration and assuming that the
concentration of Olzmmacroglobulin in this fraction
was negligible in comparison with the albumin, the
total stable zinc ﬁound to the a;bumin was calculated,
and the amount of zinc bound to the(i2—macr0globulin
found by subtraction. The results are summarised in
Table 4. The percentages bound to albumin varied between
54% and 81%, with an average value of 68.7%. Again,
no measurable zinc levels could be detected in those
fractions containing the lower molecular weight
plasma constituents for any of the samples studied.
While these initial studies produced encouraging
results, with concentrations of stable zinc in the
appropriate fractions which were satisfactorily above
background level, the close proximity of the albumin
and(%g—macroglobulin peaks on separation using

Sephadex G75 means that the O -macroglobulin-rich

2
fractions always contain appreciable amounts of
albumin and thus the calculation relies on the albumin

fractions alone. Improved results would be obtained if
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the separation was extended so that fractions containing
oLz—macroglobulin, but no albumin, could be obtained.

The amounts of zinc bound £o each of the proteins could
then be estimated indeﬁendently, instead of using
subtraction from the total plasma zinc level. This
would provide a check on the results, since the sum of
fhe amounts bound to each profein should be the total
plasma zinc level, if only albumin;nui“z-macroglobulin
bind =zinc.

Sephadex G100 has a fractionation range from

100,000 to 4,000 and therefopeix -macroglobulin is again

2
eluted at approximately the void volume for the column,
together with other heavier proteins such as the
Y;globulins which are not thought to contain significant
amounts of zinc. Albumin is within the fractionation
range of the gel but because of the higher exclusion
limit of GfOO, is better separated from the excluded
proteins than is possible using G75. It was therefore
decided to use the same size of column with G100 as the
separating medium. Again, 2 ml samples were used,
separated into 2.4 ml fractions using Tris-HC1l buffer

in 0,1M sodium chloride as eluant. An initial trial

was carried ocut, using twe samples of pooled serum from
six normal subjects (each sample coming from a different
group of donors) and called Serum I and Serum IT.

These samples were separated as above and the levels

of‘xz—macroglobulin measured using radial immunediffusion
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and of albumin, measured using the binding to methyl
orange, and the total serum zinc and the zinc level in
each of the fractions. Thé distributions obtained for
each of the samples were similar and the distributions
for Serum I are shown in Fig. 17. The proteins were
concentrated in six fractions in this case and it can be
seen that the first two contain virtually no albumin,
while the last two contain no measurable levels of
&z-macroglobulin. Using these pairs of fractions to
calculate the percentage of zinc bound to d2~macroglobu;in
and to albumin gave values of 32% bound to

& _-macroglobulin and 63% to albumin and of 33% to

2

“é—macroglobulin and 70% to albumin for Serum I and
Serum II respectively. Hence the results obtained from
each of the protein fractions are reasonably consistent,
adding up to approximately 100% in each case, and also
the percentages obtained for the two sera are very
similar ~ as would be expected from pooled samples of
normal serum,

Plasma samples were then obtained from six normal
subjects and 2 ml aliquots separated using G100 into
2.4 ml1 fractions. For each fraction measurements were
made of‘dé—macroglobulin and albumin concentrations, as
well as the zinc content. The endogenous zinc level
of the plasma was also measured in each case. The
results are summarised in Teble 5. The percentages of

the total plasma zinc bound to!iz-macroglobulin were in
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the range 25 -~ 32% and tc albumin in the range 68 - 75%.
The average values were 29% bound to dz-macroglobulin
and 71% bound to albumin.

Plasma samples were obtained from two patients
suffering from pustular psoriasis, %ho were found to
have plasma zinc levels which were lower than those of
any of the normal controls (78 and 84 /@'/ 100 ml).
Aliquots of 2 ml were separated into fractions as above,
using Sephadex G100, and the percentage of zinc bound
to the two proteins calculated. Values df h2% and 45%
bound to d2~macroglobulin and 58% and 55% bound to
albumin were obtained and therefore in both cases the
proportion of the zinc bound to albumin was lower
than for any of the normal controls.

A single sample was obtained from a patient found
to have the nephrotic syndrome, with a plasma albumin
level of abproximately 50% of the normal value. The
plasma zinc level was found to be significantly lower
than normal (64/¢g / 100 ml) and, on separation of a
2 ml aligquot of plasma using G100, the percentages
bound to dz-macroglobulin and to albumin were found to
be 39% and 61% respectively.

A 6 ml sample of peoled normal serum was shaken
briefly with an equal volume of Chelex-100 chelating
resin, which had becen previously adjusted to pH 7.4,

The sample was centrifuéed and the supernatant separatez

using a 46 cm x 2.6 cm column of Sephadex G200. The
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distribution of stable zinc in the protein fractions
showed that most of the zinc was removed from the
albumin region but that the peak in thetxg—macroglobulin
region was little reduced, giving strong support to

the hypothesis that the binding toc albumin is much
weaker than that to dz—macroglobulin. However it

was found that when the sample was passed £hrough a
small column of Chelex-100, the zinc could be removed
almost entirely from both fractions.

4,6 Discussion

In all samples studied the pattern of the endogenous
stable zinc binding showed that almost all the =zinc is
bound to two proteins, or groups of proteins, one
having a molecular weight in the region of 800,000
where the zinc has the same distribution as :the
d?-macroglobulin in the sample, and the other with a
molecular weight of approximately 70,000, which is
almost certainly albumin. These findings agree with
the work of Parisi and Vallée who showed that in pooled
normal serum the major part of the serum zinc was
bound to two proteins, albumin and a zinc metalloprotein
which combined with trypsin to produce a compound with
csterase activity. As ciz-macroglobulin is the only
Protein in serum found to react in this way it was
concluded that the zinc metalloprotein was identical

with¢X2-macroglobulin, a finding which was confirmed

using immunological methods. The purified
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dé—macroglobulin preparations obtained were found to
contain amcunts of zinc in the range 320 - 77Q/Ag / &
protein (Parisi and Valle;; 1970). 1In view of the
agreement obtained with their work in the present studies
it has not been considered necessary to attempt further
purification of the high molecular weight fraction in

an attempt to obtain pure dz—macroglobulin, especially
since the distribution éf zinc in these fractions was
coincident with the distribution of Og-macroglobulin.

. Values for the proportions of zinc bound to each

protein in normal pooled serum were found to be about

one third of the total serum zinc bound to

ok,

z-macroglobulin and two thirds to albumin, which agrees

with the zinc content of the protein given by Parisi

and Valleg, No significant differgnce could be detected
between the binding patterns for zinc in serum and in
Plasma. The amounts of zinc bound to the two proteins
in samples of plasma from normal individual subjects
fell within a fairly narrow range, with between 25% and
32% of the total plasma zinc bound to az-macroglobulin
and between 68% and 75% bound to albumin. No measurable
amounts of zinc were found in the low molecular weight
Plasma components, Two plasma samples from patients
suffering from pustular psoriasis, with low plasma

zinc levels, gave percentages of 55% and 58% of the
Plasma zinc bound to albumin, values which are lower

than any of these obtained from normal subjects, though
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the plasma albumin levels in these samples were within
normal limits.
Comparison of the binding pattern for trace amounts
of zinc-65 added to serum in vitro with the pattern of
the endogencus zinc in the same serum showed that while
a zinc-containing¢x2-macroglobulin fraction is clearly
demonstrated in all distributions of the endogencus
‘zinc, in both normal and abnormal samples, this

protein show little tendency to bind zinc in vitro.

The albumin peak, on the other hand, appears in both
the endogenous binding pattern and in the pattern for
zinc added to serum in vitro. This binding to albumin
is almost certainly a weaker bond than that to
dz-macroglobulin, since chelation removes the zinc

in the albumin fraction in preference to the zinc bound
to dz-macroglobulin;

It would therefore appear that zinc newly absorbed
into the blood via the gastro-intestinal tract is
bound initially to albumin and that the zinc in the
dz-macroglobulin fractioun is a product of a later
metabolic reaction; This does not exclude the

possibility that the (¥,-macroglobulin is a transport

2
protein for zinc, since the protéin could bind zinc
at a specific site within the body, rather than
immediately in the plasma, but later give up its zinc

at some other site. Alternatively, the protein might

be an enzyme whose function is as yet undiscovered.
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If this is the case it would be expected that the

ratio of protein-bound zinc to protein concentration
would be constant, since the protein will only exist

in a form containing a given number of zinc atoms per
molecule. In a trausport protein sites must be
available in the molecule for binding absorbed zinc

and hence the ratio of weight of bournd zinc to weight

of protein is not necessarily constant. "It has been
found that about one third of the totai zinc in plasma
is bound toctz-macroglobulin. Taking an average normal
plasma zinc level of 100/ug / 100 ml and an average
dz-macroglobulin concentration of 300 mg / 100 ml
(Schultze and Heremans, 1966) gives a very approximate
value of 1 atom of zinc¢ per molecule of ﬁé—macroglobulin.
However further stu@ies on the fate of the zinc bound to
each of the proteins are necessary before this point

can be elucidated.

h.7 Conclusions

(a) In all samples of serum and plasma studied,'the
zinc content was found to be associated with two
protein fractions, one of which was identified as
0"Z-macroglobulin and the other as albumin. In samples
from normal subjects no measurable levels of zinc were
found in the low molecular weight fractions.

(b) The average values for the proportions bound to
each of the two fractions, in normal plasma or serum,

were found to lie within a narrow range, with about
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one third of the total plasma zinc bound to
o(;Z-macrog].obulin and two thirds bound to albumin, but
the percentage bound to albumin was reduced in plasma
samples from two patients suffering from psoriasis.
(c) Since theocz-macroglobulin fraction does not
appear to bind zinc added to the sample in wvitro it
is probable that zinc binds to the proteiﬁ either at

the site of protein production or by metabolic reaction

in the body.
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5.1 Introduction

It has been established that there are two major
protein components which ﬁind zinc in serum or plasma.
One of these components binds zinc added to plasma
in vitro, and the other more tightly bound fraction is
only found in the pattern of endogenous protein-bound
zinc. This suggests that the first fraction, almost
certainly mainly albumin, is the transport medium for
zinc initially absorbed into the system through the
gastro-intestinal tract. Since the other fraction,

a zinc metalloprotein which has been identified as
Ocz-macroglobulin, does not bind zinc in vitro. All tha=x
can be inferred from its presence in the endogenous
rattern is that the protein binds zinc only in vivo

and the previous studies provide no information on

the clearance of zinc from either fraction.

To obtain this information, in vivo labelling of
the proteins is necessary and zinc-65 provides a
convenient tracer for this purpose. The isotope
can be administered either intravenously or erally.
While intravenous administration has the advantage that
all of the administered dose is absorbed, the rate of
clearance from the plasma is véry ranid and there is
the possibility that, since therzinc—65 has not passed
through the gastro-intestinal wall it may not
parallel the physiological process of zinc absorption.

An oral dose of zinc-65 as the chloride in 100 ml
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water was therefore used in this study.
Since zinc is known to have a long biological
half-1ife and the radioisotope ijtself has a half-1life
of several hundred days, zinc-65 is a considerable radiatio:
hazard in large doses and must be used with extreme
care in clinical trials. Permission was obtained from
the Isofope Advisory Panel of the Medical Research
Council for the administration of 5/,Ci'zinc-65
to normal subjects as an oral dose. .

The aimm of the work described below was to study
the uptake and clearance of zinc-65, particularly in
normal subjects, but also in patients suffering from
varicose ulcers, and to study the variation with time of
the amoﬁnts of zinc bound to albumin and to
Ogumacroglobulin. Gel chromatography on Sebhadex G200
was used to separate the proteins into fractions

whose activity could then be measured.

5.2 Materials and Methods

The dose administered was 5/uCi zinc-65 as the
chloride in 100 ml water, obtained by dilution of
a solution of zinc-65 chloride in 0.1N hydrochloric
acid (Radiochemical Centre, Amersham). The dose was
equivalent to about 20/#g zinc.

20 ml blood samples were withdrawn using a disposable
polypropylene syringe and stainless steel needle.
These were taken before administration of the dose and

at intervals of apprbximately half an hour for the
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first% few hours, then at progressively longer intervals
during the day. After the first day blood samples

were taken at intervals of several days, then at longer
intervals for a period of about 12 months. The blood
samples were centrifuged immediately after withdrawal
and the plasma drawn off using a polypropylene syringe.
The red blood cells were washed three times in isotonic
saline and retained for counting. Aftericounting, the
samples were separated using a 46 cm x|2.6 cm column of
Sephadex G200 using a Tris~HC1l buffer, pH 8.0, in 1M
sodium chloride solution, To avoid possible contamination
of the later samples by activity from the earlier more
active samples the Sephadex gel was rinsed with a
volume of the buffer solution at least equal to that of
the column after eaph separation and the gel replaced
after at most four separations had been carried out,
Where the total plasma activity was low the fractions
were pooled and concentrated either by evaporation

in a refrigerator or by freeze-drying the pooled fractions
and reconstitution to a suitable volume with isotonic
saline.

The samples were counted using a Tracerlab
Gamméguard 150 automatic gamma counter. Each of the
Plasma samples and plasma protein fractions was counted.
for several hours. To ensure that no drift in the
counter settings occurrgd during counting each sample

in the group to be counted was counted for 500 second
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intervals and a standard, consisting of 2% of the dose
administered, and several background samples, were
included in each group. The counts were repeated until
a sufficient time had elapsed. The mean and standard
deviations for the background and standard counts were
then calculated. Provided that the standard deviation
did not differ significantly from the theoretical value
of the square root of the mean counts in each case,
constant conditions for counting were assumed and the
mean values taken as the background and standard counts.
This was found to be true in.all cases in practice. The
average samplie counts were calculated and the counts
expressed as a percentage of the dose administered

per litre of plasma.

5.3 Uptake and Clearance of Zinc-65 in Plasma of Normal

Subjects

Samples from two normal subjects (female) were
studied. These subjects had plasma zinc levels of
86 and 88/pg / 100 ml, with normal values for
total protein, haemoglobin and albumin, and
0"2—ma<:roglobu.’l.in levéls. The dose was administered in
the morning, several hours after a light breakfast.

Fig.18 shows the uptake andvclearance of the
zinc-65 in plasma for the two subjects. It can be
seen that both curves have a similar shape, with very

rapid uptake in the first half hour, reaching a

maximum after about 1% hours, then declining steadily.
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The level appears to stabilise to an almost constant
level after about six days, with a very slow decline

for a period of about 30 days. After 3 months the
zinc-65 level has dropped below background. The

curves show that the maximum plasma level for subject C
is significantly greater than for subject E, with a more
rapid clearance in the first few hours - the difference
between the plasma levels for the two subjects is
approximately 0.80% of the dose at the'maxima, but

only about 0.,15% after 24 hours. .

Plasma samples taken at times 1, 1.5, 2, 3, 4, 7
and 25 hours and 3 and 6 days from subject C were
separated into 6 ml fractions using volumes of 7 - 12 ml.
The activity of the later samples was found to be too
low to give significant results for most of the
separated fractions. The plasma samples taken at
2 hours and 4 hours were counted as 6 ml fractions. The
fractions from samples at 1 hour, 1.5 hours and 3 hours
were pooled in groups of two, into 12 ml fractions,
taking the first fraction as the first which contained
a measurable quantity of protein, measured using the
absorption orf light at 280 nm. The pooled fractions
were then concentrated by freeze'drying. The fractions
from the later samples were pooled into Jlarger velumes,
depending on the activity of the fractions. The
absorbance at 280 nm was measured for each of the
column rractions and the albumin content of the pooled

and concentrated fractions measured by absorbance in
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methyl orange reagent at 540 nm.
Sample volumes of 7.5 -~ 10 ml from subject E were
used and the samples for tﬁe times 35 minutes -
3 days were separated., Thocse samples having maximum
activity (1% - 2 hours) were'éeparated into 6 ml
fractions and those with less activity, though well
above background (up to 7 hours) were separated into
9 ml fractions. IEach of the 6 and 9 ml fractions were
then counted without further concentration. The samples
taken after 1 day and 3 days were separated into 9 ml
fractions, which were then pgoled in pairs, again
taking as the first that sample first showing a measura-le
amount of protein. The pooled samples were then
concentrated by freeze-drying and reconstituted in 6 ml
isotonic saline. The albumin content of each
unconcentrated fraction was found by measuring the
absorbance at 540 nm in methyl orange reagent. The
absorbance at 280 nm was also measured to give an
estimate of the total protein level in each fraction.
Figs. 19 and 20 show the distribution of zinc-63
activity among the protein fractions at 2 hours and
25 hours after ingestion of the tracer dose for subject
C and Figs. 21 and 22 show the distribution of activity
at 1.5 and 4.4 hours for subject E. All the distributicas
obtained from plasma samples obtained from both
subjects show a fairly similar pattern. In the early

plasma samples (those with maximum activity) there is a
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large peak in the albumin region, but in each case
there is also measurable activity in the high
molecular weight region, fhough initially this is only
a small proportioﬁ of the total activity. As the
abtivity contained in this region was only slightly
above the background level it was difficult to measure
and therefore estimates of the percentage of the total
activity which appears in this high molecular weight
fraction are inevitably subject to a high error.
However all of the earlier samples from both subjects
show a slight but definite peak in this region, which
coincides with theolz-macrogiobulin distribution.

This finding_ can be contrasted with the hinding
of zinc added to plasma in vitro, where no significant
binding in theocz—macroglobulin region could be
demonStrated. Ilowever, comparing the distribution of
the earlier plasma sanples with that for the stable
zinc.distribution for the same subject it is found
that the distributions have similar shapes, with
two peaks, one coincident with albumin and the other
withlxz-macroglobulin. The distributions of stable
zinc and zinc-65 (4 hours) in plasma are shown in Fig 23,
for subject C, expressed as a percentage of the
maximum value in each case. It can bhe seen that,
allowing for differences in the separation, the two
sets of peaks are coincident, but that the zinc-65

bound toC(Q-macroglobulin is a smaller percentage of

~
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the total level than the stable zinc bound to that
protein, As the two peaks are distinct in the earlier,
more active samples the total activity bound to each
protein can be calculated from the area under the peak
as a percentage of the total dose administered. In the
later samples where the reduction in total plasma
activity has necessitated pooling several of the

protein fractions no obvious peaks can be detected but,
knowing the distribution ofﬁtz-macroglobulin and of
albumin in the samples the activity associated with each
protein can be calculated. The variation of the zinc-63
activity of both protein fraetions with time is

compared with the total plasma activity over a period

of about 24 hours, in Fig. 24 for subject C and in

Fig. 25 for subject E. It can be seen that the uptake
and clearance of zinc-65 by albumiﬁ is fairly rapid

and follows the shape of the plasma curve. However,
after a rapid initial uptake, the amount of the dose
bound to O(Q—macroglobulin remains virtually constant
over this period in both cases. At maximum zinc-65
level the percentages of the total plasma activity bound
to albumin and toOCz-macroglobulin were 89% and 11% for
subject C and 89% and 11% for subject E. After 24 hours
the percentages were 72% and 28% and 78% and 22%
respectively. The latter values are similar to the
percentages of the endogenous zinc levels associated

with the two proteins, which were 75% bound to albumin
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and 25% bound to & -macroglobulin for subject C and also

2
75% bound to albumin and 25% bound toO‘Z-macroglobulin
for subject E.

The percentages bound to each protein are therefore
similar in each case, even though the total plasma
zinc-65 levels at the maximum vary by approximately a
factor of two. The levels of albumin and(#z-macroglobulin
present in the plasma from each subject ﬁere found to
differ by less than 20% of the mean, sﬁggesting that the
amounts of zinc bound by each fraction do not apparently
depend on the amounts of protein present and that the
dé—macroglobulin fraction binds a definite percentage
of the absorbed zinc, rather than a constant amount.
As the amount of zinc bound to the protein increases
with increasing absgrbed zinc and the amount of protein
present is fairly constant this implies a wvariable ratio

of zinc to protein.

5.4 Uptake and Clearance of Zinc-65 by Plasma in

Patients suffering from Varicose Ulcers

An oral dose of S/ACi zinc-65 chloride was
administered to two patients suffering from varicose
ulcers (one male, one female). The dose was given just
‘before the patients started on a course of zinc
sulphate therapy. The zinc-65 chloride was added to
200 ml water in which 220 ml zinc sulphate had been
dissolved. Plasma samp;es were taken at intervals of

i, ¥, 1, 2, 3, 4, and 6 hours and then at 48 hour



95

.intervals for a week. The zinc-65 activity and the
stable zinc level were measured for each sample. The
clearance curves for zinc-65 (expressed as percentage
‘dose per 1i@re plasma) and for stable zinc are shown
in Figs. 26 and 27%. It can be seen that the maximum
levels for zinc-65 activity in plasma are of the same
order as those obtained for subject E, buf much less
than those of subject C, though the maximum level
occurs at approximately the same time after ingestion
of the dose in all four cases. Also the clearance

of the stable zinc follows the(zinc-65 fairly closely,
as expected.

Because of the low activity and the small sample
volume it was not usually possible to separate individual
samples, Hence the eamples having maximum activity
were pooled and separated into 6 ml fractions using
a 46 cm x 2.6 cm column of Sephadex G200. In one
ease (patient S.G.) the samples from days 2 - 6 were
pooled and separated in the same way. The 6 ml fractions
from each separation were each pooled into three groups.
Group 1 contained the high molecular weight proteins
(with molecular weights greater than approximately
200,000), Group 2 the fractions for molecular weights
approximately 200,000 - 100,00 and Group 3 the proteins
in the molecular weight range 100,000 - 50,000. Hence

*reproduced by permission of Dr. R.G. Bessent

LR Y

and Dr, S.L. Husain
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Groﬁp 1 contained most of theUkp-macroglobulin and
Group 3 most of the albumin. The grouped fractions
were concentrated by evaporation then freeze-dried
and reconstituted in 6 ml isotonic saline, then tounted
for several hours as described. Since the middle
group (Group 2) contains appreciable amounts of
albumin and‘iz-macroglobulin the levels of each
protein were measured for each grouped fraction.
Relative albumin levels were estimated.by adding trace
amounts of human serum albumin labelled with iodine~131
to the serum samples before separation and the iodine-131
activity in each of the grouped fractions measured,
The concentrations ofc‘z—macroglobulin were estimated
by radial immunodiffusion. Since Group 1 contains
negligible amounts pf albumin and Group 3 no
dé-macroglobulin, the total amounts bound to each
protein could be calculated. This was found to account
for all the activity in Group 2.

It was found that in the three plasma samples
separafed the percentage of the total activity found
in the dz-macroglobulin region was greater than for the
normal controls at similar times. At maximum plasma
activity (1 - 2 hours) the percentage of the total
zinc-65 activity bound to O‘z—macroglobulin was 46%
for patient S.G. (male) and 73% for patient A.R. (female),

while that obtained for both normal subjects was 11%.

For patient S.G. thevaggregated samples for days 2,4
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and 6 gave a much higher percentage of the zinc-65
activity bound to dé—macroglobulin, an increase of frcm
46% to 80%. However, since both patients were give

220 mg zinc sulphate (equivalent to 50 mg Zn++) the
zinc-65 acts as a tracer for a therapeutic dose of

zinc rather than as a tracer for dietary zinc intake.

5.5 Discussion

When zinc=-65 is absorbed from a trader dose Eiven
orally it is found that, in plasma samfles separated
using gel chromatography, zinc is bound to both the
Ui-macroglobulin and albumin fractions in all samples.,
For samples taken up to 2 hours after ingestion of the
dose from subjects with apparently normal zinc metabolism
the percentage bound tocﬁz-macroglobulin was approximately
i]% of the total but this gradually increased to about
25% of the total zinc-65 level after 24 hours. After
an initial rapid uptake the amount of zinc bound by
this protein remained constant throughout this period.
The level of the albumin-bound zinc-65, however,
dropped rapidly during this time, the clearance of
zinc having roughly the same shape as the plasma curve.

While the finding of a constant level of zinc bound
1x)dé-macroglobuiin would supporf the hypothesis that
this is a metalloprotein which only exists in a form
containing a constant number of zinc atoms per
molecule of protein, it was found that, in two cases

having virtually equal amounts of the protein present,
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as measured by radial immunodiffusion, that the amounts
of zinc-65 binding to the protein were different in
each case, one having more than double the amount of
zinc bound to this protein than was found in the second
case (subjects C and E). However some caution is
necessary in the interpretation of these results since
although the same dose of zinc-65 was administered in
each case it is virtually impossible to ensure that the
same amount of total =zinc (1argely stable zinc) is
administered; If the specific activity of the dose is
reduced due to contamination of the sample by stable
zinc, either externally or by zinc-containing compounds
already present in the gastro-intestinal tract, the
total amount of zinc bound to a particular fraction
may only appear to have been reduced when the =zinc-65
binding alone is used as a measurement of total zinc
binding. |

When zinc-65 was administered with a 220 mg dose of
zinc sulphate to two patients with suspected zinc
deficiency the percentage of the absorbed zinc in plasma
which was bound tocﬁz—macroglobulin was found to be
greater than in either of the two normal subjects.
Since the total zinc administered and absorbed in these
patients was much greater than the trace amounts given
to the normal subjects the differences in the btinding
ratios could be due to either a difference in the

binding pattern of large amounts of zinc (in these cases
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the plasma zinc level increased to more than twice

the original level) or to abnormalities in zinc
metabolism. However experiments on the abscrption of
therépeutic doses of zinc by normal subjects (to be
described in a later chapter) will allow comparison of
normals with these patients with suspected zinc

_ deficiency.

The binding of newly absorbed zinc—65'12 vivo to
d'z-macroglobulin differs from the results obtained when
zinc-65 is added to plasma in vitro, when only binding
to albumin could be detected. It would appear, therefore,

that there is some factor present in the in vivo

situation which acts as a catalyst for the incorporation
of zinc into the protein. It is perhaps significant
that the plasma, obtained from samples of peripheral
venous blood, has already passed through the liver,
known to be a site of dé-macroglobulin synthesis
(Prunier et al, 1964).

The varying ratio with time of zinc bound to albumin
to zinc bound to(ﬂz-macroglobulin is an indication of
the more rapid clearance of zinc from albumin, a
result which is not surprising in view of the wmuch
wcakér binding of =zinc to the protéin compared wilh
that to the metalloprotein,<$é-macroglobulin. This
rapid clearance, together with the virtually constant
level of the zinc=65 bound tocﬂz-macroglobulin, supports

the hypothesis that albumin is the primary transport
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protein for absorbed zinc. 1f this is the case it
would be expected that the clearance of zinc from
albumin would be related to the uptake of zinc by
the organs and tissues. These results are described
in the following chapter.

5.6 Conclusions

(a) When zinc-65 is absorbed into plasma from an oral
dose the maximum plasma level occurs aftér one to two
hours, declining rapidly during the fifst 24 hours

then more slowly over a period of several weeks,

(b) Newly absorbed zinc-65 in plasma binds to both

the albumin and‘xz-macroglobulin fractions, in contrast
to zinc added to plasma in vitro where only binding

to albumin could be detected. In normal subjects the
percentage of the total plasma .zinc-65 level bound to
theCL2-macroglobulin fraction in samples obtained during
the first 2 hours after administration of the dose

was less than half that obtained for the endogenous zinc
bound to this protein. However after 24 hours the
percentage of the zinc-65 bound to the protein had
risen to that of the endogenous zinc,

(c) The amount of zinc bound to'iz-macroglobulin was
found to be fairly constant over the first 24 hours.
The level cf zinc bound to albumin decreased much more
rapidly, having the same shape as the plasma clearance
curve.

(d) 1In patients suffering from varicose ulcers who

were given a dose of 5/ACi zinc-65 in a solution
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containing 220 mg zinc sulphate the peak plasma level
was found to be of the same order as those obtained
for the normal subjects given only trace amounts of
zinc, However the percentage of zinc bound to
C¥2~macroglobulin at comparable times was found to be
much greater than for the normal controls, and further
experiments on the absorption of therapeutic doses of
zinc in normal subjecés are necessary to determine
whether this is caused by absorption of large amounts
‘of zinc or is due to abnormalities in zinc metabolism
in these patients.

(e) The results of the experiments described above
suggest that albumin is the primary transport protein
for newly absorbed zinc. If‘xz-macroglobulin has a
role in zinc transport it would appear to release zinc

dnly slowly to the tissues.
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6.1 Introduction

It has been shown that zinc absorbed from an oral
dose into plasma is bound fo beth fractions, albumin
aqg(x2~macroglobulin, even in the first hour after
adﬁinistration of the zinc., During the first 24 hours
the amount of zinc bound to dz-macroglobulin remains
virtually constant, while the albumin level drops
rapidly. As plasma is fhe medium which transports
absorbed zinc to the organs and tissues this would
suggest that the zinc which is weakly bound to albumin
is easily removed by the tissues and is therefore the
primary transport protein for newly absorbed zinc.

A transport protein can be defined as a protein
which combines with the absorbed substance and carries
it in combination to the tissues, where it then gives
up the substance and itself returns to its original
form, free to once more act as a transport medium for tke
substance. It therefore follows that, for a true
transport protein, the half-life of the tfansported
substance bound to the protein is much shorter than
that of the protein itself., If albumin is indeed the
main zinc transport protein the half-life of the zinc
bound to albumin will be less than the biological
half-1ife of the protein itself., However this
information cannot be obtained from the oral clearance .
curve alone.

Although oral absorption is the most physiological
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means of administering the element this advantage
which absorption via the gastro-intestinal tract gives
also causes problems in the interpretation of the

plasma clearance curves., With oral absorption the

clearance curve is complicated by the existence of

two components, one the clearanée of the zinc from
plasma to the tissues and the other the gradual passage
of the element through the gastro-intestinal tract into
plasma., If the form of the intravenous clearance curve
;s known it is possible to compare the half-life of
albumin-bound zinc with that-of albumin alone. Since
the plasma clearance curve from an oral dose is the
product of the two functions, the clearance of zinc
from plasma to the tissues and the transit function
for zinc passing through the gastro-intestinal mucosa,
if the oral and intravenous plasma clearance curves

are known for the same subject it is possible to

derive the shape of the transit function.

As zinc is lost from a transport protein a
corresponding increase in the tiésue levels should occur.
By comparing the uptake of the tissues with the
clearance from the plasma protein fractions it should
be possible to gain some insight into the functions of
the two f;actions.

The aims of the work described below were, therefore:-

(a) To study the clearance of an intravenous dose of

zinc=-65 from plasma and to use this and the oral
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clearance curves already obtained to derive the transit
function for the passage of zinc through the gut wall.
(b) To compare the uptake of.the tissues with the
clearance of.zinc from the two protein fractions and
hence to obtain information about the possible functions
of the two fractions,

6.2 Plasma Clearance from an Intravenous Tracer Dose

of Zinc-65

Injection of a single bolus of tracer for the
measurement of plasma clearance suffers from an
important disadvantage. After the injection diffusion
of the bolus occurs until the plasma is uniformly
labelled with the tracer. However this diffusion
requires a finite time to reach equilibrium and, with
substances which are known to be cleared very rapidly
from plasma, such aé zinc, a significant fraction of
the tracer may have disappeared before equilibrium has
béen reached. A clearance curve containing a significant
number of samples withdrawn before equilibrium has
been attained will therefore not be truly representative
of the physiological disappearance. This difficulty
can be largely overcome by using intravenous infusion
of the éubstance over a period of time, since a uniform
equilibrium concentration of the substance can then be
built up in the plasma. When the infusion is stopped
the clearance from plasma can be measured as usual,

but since uniform labelling has been achieved, the
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problems associatlted with instantaneous administration
are avoided. This method has therefore been used in the
measurement of the zinc-65‘clearance from plasma.
The total dose administered in each case was O.h/,Ci
zinc-65 as the chloride. The radioactive solution was
autoclaved and added to bottles containing standard
solutions of sterile isotonic saline. The total stable
zinc content of the active solution was measured and
found fo be 20/*g / 100 ml. A second infusion of
isotonic saline was used in conjunction with a two-way
tap to allow blood samples to be withdrawn easily as
required. Disposable transfusion sets were used to
connect each reservoir to a polythene cannula inserted
into the vein. To obtain a constant rate of infusion
for the radioactive solution a peristaltic pump was
used to control the rate of flow. The flow rgte
was chosen so that the required volume was administered
over a period of from one to three hours., The flow rate
of the non-active saline infusion was controlled
using the valve of the transfusion set and was kept to
the minimum level necessary to maintain a steady flow.
Blood samples were withdrawn by stopping the
infusion, clearing the tap of éaline and withdrawing
10 ml blood samples using a polypropylene syringe
into disposable plastic vials. These were then
centrifuged immediately and the plasma removed into

vials for counting. Samples were taken at intervals
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during the infusion of zinc and for a period of 4 hours
afterwards.

The samples were countéd using a VWallac DECEM CGTIL 203
automatic gamma counter. Since the plasma activity was
very low each sample was counted for one hour intervals,
the counts being repeated several times. Known volumes
of the infusion solution, made up to the same vclume as
the samples, used as standards, and backgrounds were
counted each time and the stability of the counter
settings assessed as described in Chapter 5.

The clearance curves for administration of zinc-635
were obtained for three subjécts, one male (subject K)
and two female (subjects M and C). In the first two
cases (subjects M and K) O.h/uCi zinc-65 in 100 ml
solution was infused for a period of one hour at a
flow rate of 100 ml / hour. In the third case (subject
C) O.h/;Ci‘zinc-65 in 120 ml saline was infused for a
period of three hours, at a flow rate of 40 ml / hour.

Figs. 28, 29 and 30 show the uptake and clearance
of zinc-65 from plasma for the three subjects,
expressed as a percentage of the maximum level for
subjects M and K and as a percentage of the total dose
administered for subject C. It can be seen that when
infusion is stopped in each case the zinc-63 level
drops very rapidly to an almost constant level and
remains virtually unchanged over a period of several

hours. The half-lives for the initial disappearance of

y
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zinc-65 were found to be 18 minutes, 14 minutes and
18 minutes for subjects M, K and C respectively.

6.3 The Role of Albumin iﬁ Zinc Transport.

It has been shown previously that the initial
rapid clearance of an oral dose of zinc-65 from plasma
is due almost entirely to loss from the albumin fraction.
If the oral clearance from plasma is considered as the
product of the two funofions, the transit function
which describes the passage of the tracer through the
walls of the gastro-intestinal tract and the intravenous
plasma clearance, the first of these causes a rise in
plasma fracer level while the disappearance of the tracer
from plasma must result solely from the second function.
Therefcre the same conditions for disappearance of the
tracer can be assumed for bocth intravenous and oral
clearance, and it follows that since =zinc has been
shown to be lost mainly from the albumin fraction for
oral clearance this is also true for the disappearance
from an intravenous dose., Hence the dinitial clearance
from albumin occurs very‘fapidly, with a half-life of
less than 20 minutes in the three cases studied.

There are two factors which influence the
disappearance of albumin itself from plasma. The first
is the gradual breakdown of the protein with time, that
is, the actual disappearance of albumin itself from
the body, and various estimates of its biological

half-life have been made. These have given values in
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the range 14 - 20 days (Steinfasld, 1960; Cohen et al,
1961; Takeda and Reeve, 1963). However a more rapid
clearance from plasma occhs dué to the gradual mixing
of the intravascular protein with that contained in
the extravascular tissue spaces. While this diffusion
through vessel walls appears to take place for most
proteins the rate of diffusion has been studied in
detail for albumin using iodine-~131-labelled albumin,
It has been shown that the half-1life for this process
is approximately 8 hours (Cohen et al, 1961; Takeda
and Reeve, 1963). However since the half-life of zinc
bound to albumin is, in its initial clearance, less
than 20 minutes, this wvalue is much less than either
the biological half;life of the protein or the half-
life for mixing of intravascular and extravascular
protein. It would appear, fherefore, that albumin is
a true traﬁsport protein for zinc,.

6.4 Comparison of the Intravenocus and Oral Clearance

Curves

Comparison of the intravenous disappearanée curves
of Figs 28 - 30 with those obtained for the clearance
of an oral dose of zinc-65, shown in Fig. 18, shows
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longer time interval than the intravemnous disappearance.
Both curvés (oral and intravenous) are made up of a mors
rapidly decaying initial disappearance, followed by

a much slower decline. However the initial disappearancs
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of the intravenous clearance curve takes place in
approximately an hour but this stage occupies almost

24 hours for the oral cleafance curve. Because of this
rapid clearance of the intravenous dose the shape of the
oral clearance is defined mainly by that of the transfer
through the gut wall.

When any two of the three functions, the oral
clearance curve, the intravenous curve and the transit
function through the gut wall are known the third can
be derived, since the three functions are related
mathematically. The oral clearance curve is the

convolution of the transit function and the intravenous

curve., Hence: -

At time t,
T
c(t) = g(t-T).f(t) dT
‘where °
c(t),= oral clearance function
g(t) = intravenous clearance function
f(t) = transit function through gut

In one subject (subject C) both c(t) ana g(t)
have been determined. By using a series expansion
for c(t) in terms of g(t) and f(t) and a small, chosen
finite time interval, At, successive values of f(t)
have been determined using a digital computer. The
method is described in detail in Appendix VII., The
method can only give an approximation for f(t), since

it relies on the choice of finite time intervals and



the form of the function f(t) depends on the interval
chosen for the calculation. The results for time
intervals At = 0.125, 0.25 and 0.5 hour are shown in
Fig.'31 for the derived transit function. All three
curves are similar in shape to the oral plasma clearance
curve, with an initial sharp rise to a peak value and

a slower decline. The oral plasma curve and the

transit function forjt = 0.125 hour are éompared in Fig.
32. It can be seen that the rapid diséppearance of the
absorbed zinc from plasma has the effect that the sharp
peak in the gut transfer function is considerably
reduced in height in the oral plasma clearance curve,

6.5 Relationship between Plasma Clearance and Tissue

Uptake of Zinc

Absorbed =zinc appears first in plasma, by which it
is transpQrted throughout the body. Disappearance of
zinc from plasma must imply either excretion or uptake
by the tissues. Previous studies have shown that the
major part of the absorbed zinc is retained in the
body f;r long periods and excreted only slowly, the
whole body half-life being of the order of several

hundred days (Spencer et al, 1965; Newton. and Holmes,

[UN

1966 ; Husain and Bessent, 1971), Zinc is therefore

absorbed by the body tissues and retained there for some

time.

On the whole, uptake by the tissues of a radioactive

tracer is less easily measured than that for plasma since



it is impossible to count the area of interest isolated
from the surrounding tissues., Because of their own
activity the surrounding afeas produce a high
background count whose exact value cannot be measured,
and this makes quantitation of the results difficult.
Exceptions to this are the red cell activity, since the
cells can be extracted for counting, and the whole body
count, which is a composite measurement from all the
tissues and therefore not subject to interference of
this type. The absorption and clearance of zinc-65
from erythrocytes, whole body, liver and muscle were
measured for the two normal subjects given an oral dose
of 5/*Ci zinc-65. Red cell activity was measured using
a Tracerlab "Gammaguard 150" automatic gamma counter.
The cells were washed three times in isotonic salipe and
the washed cells counted for 500 second intervals, for
a total time of several hours, as described for the
plasﬁa samples. Red cells were counted from all the
blood samples, with the exception of a few samples
taken during the first few hours.

Whole body counts were measured using a shadow
shield whole body monitor (Warner-0liver type), using
two 12,5 cm diameter sodium iodide crvstals. Séans of
1000 seconds were carried out in each case and the
results cbmpared with a S/uCi zinc-65 standard each
time. Counts were made a few hours after administration

of the dose (to enable the counts equivalent to 100%
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absorption to be measured) and thereafter at intervals
of several weeks.

Tissue counts were measurea using a Selo scanner
with.12.5 cm diameter sodium iodide crystal. Liver
counts were carried out with the subject angled in such
a way that as little as possible of the surrounding
organs contributed to the count. The position of the
scanner is shown in Fig. 33. At the position chosen only
a small fraction of the stomach and thé upper part of the
small intestine is seen by the scanner, which is of
particular importance for counts made in the first few
hours after administration of the dose. Counts were
also made of muscle, in areas (thigh and forearm) where
contribution from adjacent tissues would be minimal.
Liver counts were made as shown in TFig., 33 at a position
centred 5 cm above the lower costal margin, at a set
distance from the body. Counts of the thigh were made
at a point halfway between hip and knee. Counts of
right forearm were made approximately 8 cm down from
the elbow. Calculation of the wvariation of liver
activity expressed as a percentage of the'administered
dose was carried out using a phantom. The phantom
consiéted of a liver-shaped thin.polythene mould filled
with a 2% agar solution into which a known amount of
zinc-65 had been mixed. bThe liquid agar was poured into
the mould and allowed to set before use. Agar gel has

the advantage that it is of a similar consistency to
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tissue and therefore absorption of the activity by
the mass of the gel should be of the same order'as
that occurring in the livér. The muscle counts were
calibrated in an approximate way using a 1 litre
polythene bottle filled with water and containing 5/@Ci
zinc-65,

The clearance curves for red cells and whole body
are shown in Figs. 34 and 35 for subjects C and. E,
expressed as a percentage of the total dose administered
in each case. It can be seen that the curves for the
two subjects‘are similar in general shape in each case.
Figs. 36 and 37 show the curves for liver and for muscla
for subject E. A collimator was used in the earlier
tissue measurements for subject C, but due to a fault
the measurements were not sufficiehtly accurate for
quantitation. Later measurements were calibrated using
the liver énd muscle phantoms. However the shape of
the curves was approximately the same as for subject E,
with maximum values attained at about the same times in
each case. |

It can be seen that uptake by liver is rapid, with
a peak in the first 24 hours, followed by a much slower
decline., The uptakse by red ceils is slower, with a
maximum after about 10 days and a slow decline
thereaftef over a period cf several hundred days.
The muscle acfivity, however, increases only slowly,

reaching a maximum about 50 days after administration
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of the tracer, long after the maxima in liver, red cell
and plasma curves. The whole body counts show a gradual
decline over a period of several hundred days.

6.6 Mathematical Analysis of the Clearance Curves

The curves for uptake and clearance of zinc-65 in
plasma, red cells, whole body, liver and muscle can be
analysed into a series of exponential fun;tions using
an exponential stripping techniqueé, where the final
points on the curve are used to derive the equation of
an exponential function using a least squares fit to the
points. This equation is then used to derive the
contribution made to earlier values by the exponential
function and, by subtraction, the points on the next
exponential function derived. This process can be
continued to derive a series of exbonentials, depending
on the data available.

(i) Plasma_Curve
This can be analysed into two exponential functions;,

with reasonably good fit.

If the plasma activity, At'is given by

A, = A .e7Pt A'o.e'"bJc c e e (1)

where A and b are constants and the half-1ife,T,,
o

[

is given bLy:-
in 0.5 ¥
b:-——-———- . 3 . . . . o (2)
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Analysis of the curves obtained for subjects C and.

*
In = natural logarithm
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the clearance curve decays as a

two exponential function of the form of equation (1).
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The values obtained gave a good fit to a double exponential

of the form of equation (1).
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(v) Muscle_curves

This can be analysed int

tained only for subject E.

o

% dose

days

% dose

days

o two exponential functions,

an initial gain of zinc-65 activity of the form:-

"
A

"
i ¥ Ao.(1

and a single exponential of
after the maximum.

these functions the wvalues o

If T1 and T,
3 2

bt
- e ) e 00 ¢ 0 0080 0 (l")
the form of equation (1)
”

are the half-lives for

btained for subject E were:-

Thigh I Forearm
’
T, 15 12 days
H
T, 198 101 days

N}
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6.7 Calculation of Zinc Content Using the Occupancy

Principle

The Occupancy Principle, derived by Orr and
Gilléspie from Bergner's analysis of tracer dynamics
(Orr and Gillespie, 1968; Bergner, 1964), gives, for
a steady state system; a relationship between the amount
A of a particular substance in any defined part of the
system (the capacity), the flow rate of the substance
through the system, and the occupancy of a tracer for
the substance administered at the input to the system.
The occupancy, 9, is defined as the total integral
with respect to time, of the tracer fraction f(t) present

in that part of fhe system at any time, that is:=-

]
@ = -ff(t) At " veerreceseees (5)
(]
The Occupancy Principle states that the occupancy, 6,

divided by the capacity, C, is equal to the reciprocal

of the flow rate, F:-

—_— = e N ()

Also, since the flow rate is a constant for the
system the occupancies and capacities for the various

components of the system are related by the equation:-

o, 0, 8.

- o = - L= ceveesee (7)

Cc c,. C
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The body approximates to such a steady state system,
with a constant intake of essential nutrients and trace
elements orally from the diet. Hence if the occupancy
of aﬁy chosen part of the system for an orally
administered tracer for a substance can be measured the
Occupancy Principle can be used to calculate the total
stable content of the substance on that part of the
system, provided either the flow rate or-the occupancy
and capacity of any other part of the ;ystem are Xnown.,

Both plasma and red blood cells providé convenientliy
accessible components of the system for occupancy
calculations, as samples can be withdrawn for ccunting,
uninfluenced by other parts of the system. Also the
stable content of the substance of interest can often
be measured accurately in both -plasma and red cells. If
the occupancy is known for any other defined part of
the system the capacity can therefore be calculated
using either the plasma or red cell values.

In the present series of experiments the variation
of the level of the orally administered tracer dose of
zinc~65 has been measured for whole body, liver and
muscle, as well as for plasma and red blood cells.

The vériation of the plasma zinc;65 activity with time
can be described by an eéuation of the form of equation

(1).' The plasma occupancy is, therefore:-

o '
= [(a et A'.e-bt) dt
AN o

-}

plasma
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/

A A
. o o

—

plasma - * 1 ..........(8)

b b
For subjects C and E, therefore:-
C E

plasma 7.9 x 10°° 4.8 x 1072 days
(for 1 litre)
Similarly, the variation of red cell zinc=65 activity
with time is also described by equation (1) and hence the
red cell occupancy is also given by equation (8),
together with a small fraction contributed by the area
under the curve in the first 10 days, which can be
neglected compared with the otﬁer contribution.
The values obtained for the two subjects, C and E were:-

For 1 litre packed cells

‘ Cc ‘E
GRBC 2.7 . 1.5 days
Since the disappearance of zinc from plésma is

Qery rapid and the levels in the samples used for the
calculation cf the second exponential function very neaxr
background, measurement of any . -plasma occupancy remaining
after about 50 days is impossible with the counting
system used. However, with the exception of only the
first féw hours, the Zinc-65 activity of the erythrocytes
is also greater than that of the plasma and this
activity is measurable over a period of several hundred

days. The red cell occupancy can therefore be estimated

with greater accuracy. Knowing the plasma and red cell
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stable zinc concentrations the equation

9 plasma - RBC (9)

- L I I Y ]
————

cplasma CRBC

can be used to predict the plasma occupancy.

For subjects C and E,

C E
. Sy -4
Plasma zinc 8.6 x 10 8.8 x 10 e/ 1
Red cell zinc 1.34 x 10-2 1.24 x’10_2 g/ 1
GRBC 2.7 1.5 days
. .Qplasma 0.172 0.110 days

In each case the value for the plasma occupancy is
smaller than that predicted from the red cell curve.
This suggests that there is a significant part of the
Plasma clearance curve which is below the limits of
measurement., If the plasma activity at time t = 35 days
is taken as the first point on a final exponential
decay then an approximate estimate of the half-life of
this curve can be made, since the remaining occupancy

predicted - measured = lohz‘QAooT% 0000(10)
This gives values of T% of 86 days for subject C and

97 days for subject E, suggesting that there is a

1

6"

>

third slcwly decaying compomnent in the plasma zinc-

\

clearance curve with a half-life of approximately
100 days .
The red cell occupancy and capacity can also be

used to calculate the whele body and liver capacities
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using equation (7).
The whole body occupancy,

Whole bOdy’ = Ao/b o0 0 00 00 (11)

For subjects C and E,

c E
é?whole body 390 172 days
2.0 1.4 g zinc

“*Cihole body
The liver occupancy is given by an equation of the form
of equation (8)~ Hence for subject E,

6911ver = 9.8 days

and Cliver = 0.979 g zinc
Using the final values of the zinc=-65 liver clearance
curve, which were the only usable data obtained for
subject C, and assuming the same values as subject E for
the half-lives of the two components of the clearance

curve gave an approximate value for the liver

occupancy for subject C

liver 24,1 days

and 0.123 g zinc

Cliver

6.8 Discussion

The clearance curves obtained on administering an
intravenous tracer dose of zinc to three normal subjects
have shown that about 75% of the absorbed dose
disappears into tissue very rapidly, the half-life for
initial disappearance being of the order of 16 minutes.
These results agree with those obtained by other workers

(Prasad et al, 1963; Spencer et al, 1965; Sullivan and
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Heaney, 1270), though of these only Prasad and his
colleagues studied zinc clearance in normal controls.,
The rapidity of the initial clearance from plasma means
that though.as much as 86% of an oral dose'of zinc-65
can be absorbed (subject C) there is never more than

h% of the dose in the total plasma volume. Using the
oral and intravenous plasma clearance cur%es obtained
at different times for one normal subject the shape of
the transfer function for zinc through the
gastro~intestinal wall was determined. This function
was found to rise rapidly to a peak, then decay more
slowly, suggesting that while me ximum uptake occurs
almost immediately after administration of the dose zinc
uptake is not limited to a small section cf the gut but
can occur over a considerable 1ength. While it is
obviously impossible to locate the exact section of the
gut involved the rapid rise to a maximum within a short
time would suggest uptake from the upper part of the
small intestine, possibly in the duodenum or even in
the stomach,

The initial rapid clearance of zinc from plasma is
paralleled by a similar rise in the zinc=65 activity inmn
the liver. In subject E it was found by extrapolation
of the calculated clearance curve that at maximum
about 25% of the absorbed dose was concentrated in the
liver. After 24 hours the activity starts to decline,

initially with a half-life of about 8 days. This is
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accompanied by a rise in the activity of.muscle, the rise
having a half-life of the same order as the decline in
the liver. This strongly suggests transfer of zinc
stored in the liver to the muscle mass. Comparing the
half-lives for the initial decline in the liver activity
and the rise in muscle activity with that of the decline
in activity in plasma during this period it is found
that all three half-lives are of the same order of
magnitude, allowing for the considerable experimental
error which is unavoidable in these results; This
would suggest equilibrium between liver, plasma and
muscle during this phase and represents rapid transfer
of zinc from its initial store in the liver to the muscle
mass by plasma.

These results agree with the whole body profile
scan curves of Newton and Holmes for a subject who had
accidentally absorbed an amount of zinc-65 into the lungs
(Newton and Holmes, 1966). They showed that there was
an initial large concentration of zinc-65 in the liver
region and that this steadily declined during a period
of about 100 days to the level of the surrounding soft
tissue. There is agreement also with the post-mortem

nd her colleagues (Spencer ct

)

measurements of Spencer
al, 1965) who showed that the zinc-65 concentration in
the liver was highest in the first few days after |

admiﬁistration of the dose, with a gradual decline over
70 days and that the zinc content of muscle, initially

much lower than liver, rose to about the same value as
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in the liver after 70 days.

The existence of a second component in the liver
clearance curve, with a half-life of the order of 100 days,
showé that the total zinc=-65 absorbed into the liver is
not transferred in this way. This value for the half-
life is similar to the decline in'muSCle activity and
the final decay in plasma activity predicted from the
occupancy values, suggesting that the ziﬁc in muscle,
liver and plasma are in equilibrium at this stage and
form an exchangeable pool of zinc. Since these
half-=lives are not the same as the whole body values
this would imply that the zinc is being deposited
elsewhere in the body, though it is possible that if the
final measurements in'liver and muscle (which are very
near the limits of measurement after about 200 days)
pould be continued for longer periods and the final
exponential calculated more accurately, that values of
the same order as the whole body half-life would be
obtained.

In red blood cells the zinc-65 level rose to a peak
10 days after administration of the dose, falling
thereafter as a double exponential clearance, the first

art having a half-1ife of about 15 days and the secoand

o)

part a half-life which in each case is similar to the
values obtained for the whole body curve (about 300 days),
suggesting that the greater part of the zinc-65 uptake

by the erythrocytes is not-exchangeable except within
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the'red cell pool.

The whole body curves, plotted over a period of abcut
40O days, show a steady monoexponential cléarance of
the zinc-65 from the body, with half-lives of 316 and
331 days in the two subjects studied. These values are
in agreement with those of other workers (Graig and
Seigel,.1960; Spencer et al, 1965; Newton and Holmes,
1966) all of whom reported values for wﬁole body half-
lives of several hundred days. |

The rapid transfer of a large part of the zinc-65
absorbed into plasma to the liver is in agreement with
the change in the relative concentrations of zinc-95
bound to the two plasma protein fractions discussed in
the previous chapter. In the first few hours after
swallowing the dose the plasma- zinc-65 level is largely
due to zinc newly abéorbed from the gut, but this zinc
is removed very rapidly, probably to the liver, once in
plasma. It was found that in the first few hours the
greater part of the plasma zinc-65 was bound to albumin
though there was a measurable quantity (about 11%) bound
to dz—macroglobulin, and that the level of the albgmin-
bound zinc fell until after 24 houfs the equilibrium
partition ocbtained for the endogenocus zinc had been
attained for the zinc-65. These findings suggest that
newly absorbed zinc is bound to albumin and that a

large proportion of the albumin-bound zinc is removed

by the liver which then gradually releases a part of the
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.

absorbed zinc firmlyvbound to &, -macroglobulin. This

2
interpretation is reinforced by the results obtained
when zinc-65 was added to blasma in vitro, when binding
only to the albumin fraction could be detected. The
liver is also known to be a site of “é-macroglobulin
production. That the zinc-65 remains associated with
these two proteins in plasma and does not exist for

an appreciable pericd in another form is shown by

the Occupancy Principle. Rearrangement of equation (7)
Shows that the ratio of the occupancy of any other
zinc-containing plasma component to that of the total
plasma zinc is equal to the ratio of their capacities.
Hence since measurable zinc could only be detected

in the albumin and dz—macroglobulin fractions the
capacity of any other component in plasma is very small
compared with the total plasma value and thgrefore the
occupancy is also small.

Calculation of the stable zinc content of the body
for each of the two normal subjects using the Occupancy
Principle gave values of 2.0 g and 1.4 g. These results
give excellent agreement with those of Widdowson, McCance
and Spray (widdOWSon et al, 1961) who measured the
total bedy zinc content of whoie cadavers using
conventional chemical‘methods and who found whole body
zinc valués in the range 1.4 - 2,2 g for adults. The
values calculated for the total zinc content of the

A}

liver also agree well with the results of these workers.
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The Occupancy Principle, therefore, which to date
offers the only method for estimating total body zinc
in vivo, gives results which are very similar to those
obtained by detailed analytical techniques, Assuming
that the liver mass is approximately 3% of the total
body mass the stable zinc values for the liver (0.12 g
and 0,08 g) are apprcximately 6% of the whole body
zinc levels, suggesting that while there is an initial
concentration of at least 25% of the absorbed zinc in
the liver there is no long-term concentration of zinc
by the organ. These results agree with the stable
zinc values obtained for samples of normal liver by
activation analysis which show that the stable zinc
concentration in liver and muscle are similar.

6.9 Conclusions

It has been shown that:-
(a) The greater part of a tracer dose of zinc-65
administered intravenously to normal controls is cleared
very rapidly from plasma, with a half-life of less thaﬁ
20 minutes., The derived transit function. which
describes the passage of zinc through the wall of the
gastro-intestinal tract rises sharply to a peak within
half an hour after administration of the zinc then
declines more slowly, indicating early absorption of
zinc through the gut, possibly in the stomach or
duodenum.
(b) The initial plasma clearance, shown previously tc

be due to loss of zinc from the albumin-bound
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fraction, coincides with uptake of =zinc by the liver,
suggesting that newly absorbed zinc is bound to albumin
and transported to the liver. There a fraction of the
zinc is firmly bound to dz—macroglobulin and this
process continues until equilibrium binding of zinc to
all;.wumin and to dz-macroglobulin is achieved.

(¢) Comparison of the clearance curves for liver, plasza
and muscle shows that, in the first 50 days after
ingestion of the dose the zinc-65 activity in muscle
rises gradually, the half-lives for the decline in
liver and plasma zinc-65 activity being similar to that
of the corresponding increasé in muscle, suggesting
rapid transfer of zinc froﬁ liver to muscle by plasma
during this phase. This is followed by a much slower
decline in activity in all three compartments, suggestizg
exchange of zinc among them.

(d) Calculation of the amount of zinc contained in

the body using the Occupancy Principle gave values of
1.4 and 2,0 g for the two normal subjects studied,
equivalent to an average concentration of 0,028 g / kg
Abody weight. The amount of'ziné contained in the

liver was about 6% of the whole body value.
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Tel Introduction and Purpose of the Study

The work described in the previous chapters has
shown that the endogenous protein-bound zinc in plasma
is aésociated with two protein fractions, which have
been identified as albumin and dz—macroglobulin. A
trace quantity of zinc newly absorbed into plasma from
the gastro-~intestinal tract.is bound mainly by albumin
but this level drops rapidly until after-Zh hours the
equilibrium binding ratio of the endogénous distribution
has been achieved. Thus albumin is a transport protein
for zinc., The results given in the last chapter suggest
that zinc is bound to dé—macroglobulin in the liver and
the virtually constant level of zinc-65 associated with
the protein during the first 24 hours after administration
of the dose indicates that any clearance of 2zinc from
the protein to the tissues is much slower than the
initial clearance of the zinc from albumin. However it
has been shown that during the phase when transfer of
zinc from liver to muscle occurs an appreciable
percentage of the total plasma zinc~65 is bound to
°%-macroglobulin, in contrast to the first initial
rapid transfer from plasma to liver, which apparently
invcives only thc albumin fraction. It would therefore
seem that the zinc bound to dé—macroglobulin is in
some way involved in the gradual transfer of zinc
stored in the liver to the muscle mass but the precise

nature of its role in this process is not clear. In



particular it is not known whether the protein
actually transports zinc, that is, whether the zinc
bound to(xz-macroglobulin is released and incorporated
into-the tissues or whether it is in some way involwved
in control of the transport of the element by albumin.

As discussed in Chapter 4 it is not possible to
obtain such information from a study of the endogenous
distribution of zinc among the plasma pr§teins, since
this is a steady state distribution. However it is
known that after ingestion of 220 mg zinc sulphate the
plasma zinc level rises in some cases to as much as
twice the endogenous level and that this level returns
to the normal value within a few hours (Chapter 5).

tudy of the change in distribution of the zinc between
the protein fractions should show whether the
dz—macroglobulin-bound zinc is significantly increased
in cases where the plasma zinc level shows a pronounced
rise and whether the variation in the amount of zinc
bound to the protein follows the rapid rise and fall of
the plasma zinc level, without an accompanying change
in the plasma dz-macroglobulin concentration.

The aim of the work described below was therefore to
study the wvariation of total plaéma zinc level with
time after ingestion of a single therapeutic dose of
zinc sulphate, mainly in normal controls, but also in

patients with suspected disorders of zinc metabolism,

and also to study the effect of continued administration
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of the zinc sulphate over a period of several days on
the total plasma zinc level, the distribution of zinc
among the proteins and on the urinary output of =zinc.
T1 ‘ﬁgthods

A single gelatine dapsule containing 220 mg zinc
sulphate B.P. was swallowed by six normal volunteers,
~four male and two female, aged between 25 and 35 years,
none of whom were suffering from any pgthdlogical
condition known to be associated with altered zinc
metabolism. The capsules were taken approximately
13 hours after a light meal (since the subjects all
took part in the study during a normal working day it
was not thought advisable for them to take the capsules
in the fasted state because of the possibility of
gastric upset). In -one case capsules were taken for
a period of 5 days and after the first capsule, were
taken immediately after meals. In this case 24 hour
urine collections were made before and during these
five days and then at intervals afterwards until the
urine zinc level had returned to normal. Two patients
suffering from pustular psoriasis also participated in
the study.

Blood samples {10 ml) were obtained from all subjects
before swallowing the capsules and in most cases at
intervals of ¢, 13, 3 and 6 hours afterwards. Samples
" were withdrawn into heparinised.plastic containers,

centrifuged immediately and the plasma removed into

LY
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untreated plastic vials. An aliquot (1 ml) was reserved
for plasma zinc estimation and, in the samples chosen
for séparation, 2 ml was passed through a column of
Sepha&ex G100, 18.5 em x 1.6 cm, using Tris-HC1l buffer
in 0. 1M sodium chloride solution as eluant and

collected in 2.4 ml fractions as described in Appendix TIITX,
.In the single case studied for several days 20 ml bleood
samples were withdrawn at 1% hours and after 5 days and
plasma samplés of approximately 6 ml were separated intc
6 ml fractions using a 46 ¢cm x 2.6 cm column of

Sephadex G200, to enable more detailed analysis of the
protein distribution to be made. Blood samples were
taken from the two patients suffering from psoriasis
before and 2 hours after taking the capsule.

Plasma zinc levels were measured by atomic
absorption spectrometry, albumin levels by measurement
of the absorption of light at 540 nm by the sample in
methyl orange reagent and dé—macroglobulin levels by
single radial diffusion. For both albumin and
D<é—macroglobulin measurements dilutions of the original
plasma were used as standards in each case and the
protein level in the plasma samples measured by

ference serum containing za knewn

o

comparison with a r
amount of both proteins,

Urine sampleé were collected in 2.5 1 polythene
bottles containing thymol. The volume of each 24
hour collection was measuréd and the zinc level

" estimated by atomic absorption spectrometry.



7.3 Variation of Plasma Zinc l.evel with Time in

Normal Subjects

Fig. 38 shows the variétion of plasma zinc level
with time for the normal volunteers studied. It can
be seen that there is a wide range of wvariation cf zinc
levels in the six subjects, both initially and at varicus
times after ingestion of the capsule., The largest rise
was found in the two female subjects (C and E), where
the plasma level rose to approximately double the
driginal level after about 14 hours. Maximum increases
in plasma zinc level in the range O - 61% were fecund in
the other four male subjects and in the case of subject D
no significant increase in zinc level was found in any
of the samples measured. In subject J the initial plasna
zinc level was found to be higher than the final value
sig hours later, though there was a significant rise in
plasma ziné level after 1% hours. Maximum values were
usually obtained about 17 hours after administration of
the capsule, though this value occurred somewhat

earlier for subject K.

7.4 Comparison of Distribution of Protein-Bound Zinc

before and after Ingestion of Zinq
Fig. 39 compares the distribution of endogenous
zinc among the plasma proteins (T = O) with that
obtained from plasma at the time of maximum increase
ih plasma zinc level (T = 1% hours), separated using

Sephadex (G200, It can be seen that both distributions



have exactly the same shape, with peaks in the albumin
and.“z—macroglobulin regiops, but that both albumin-
and aé—macroglobulin—bound zinc. levels are increased
when the zinc level is raised., If the area under each
of the peaks is measured in each case the ratios of

zinc bound to albumin to zinc bound to o

2-macroglobulin

are 3.0:1 and 3.,2:1 for the endogenous zinc and for the
zinc absorbed from the capsule respectively, showing an
increase in the zinc bound to both protein fractions to
épproximately double the normal level.

Plasma samples (2 ml) taken from each of the normal
volunteers before swallowing the capsule and 13 hours
after were separated using a column of Sephadex G100.
From measurements of the zinc concentration in each
fraction and of the albumin and dz-macroglobulin
concentrations of the fractions the total amounts of
zinc bound’to the two proteins were calculated, as
discussed in Chaptef 4, Table 6 compares the percentages
of zinc bound to albumin and to‘xz-macroglobulin for
plasma samples from the six normal volunteers at time
T = 0 and T = 17 hours. Also included are the values
obtained from the two patients with psoriasis before
and two hours after swallowing the zinc capsule,
separated in-the same manner, It can be seen that
both brotéin fractions are increased in approximately
the same proportion in all cases, though there is a

slightly larger proportion of the zinc bound to albumin
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after two hours in the twoe patients, J.G. and R.G.

Plasma samples, taken from those subjects where the
plasma zinc level of the last sample taken had dropped
to aimost the original level, were also separated in
this way and the results (from subjects C, X, R and J)
are given in Table 6., In two subjecté (c and J)
~ the percentage of the total zinc bound to the déwmacro—
globulin fraction is significantly higher'at this time
but, in the case of subject R, where the plasma zinc
level had returned to the original value after six hours,
the same percentage of the total plasma zinc was found
associated with each of the proteins for the samples
taken at times T = 0 and 6 hours.

To determine whether the increase in dz—macroglobulin—
bound zinc was accompanied by an increase in the
concentratvion of the protein the(iz-macroglobulin
levels were measured for all the piasma samples obtained
from subjects C and E during the first 5 hours. No
change in !iz-macroglobulin level with time could be
detected in either case. The dé—macroglobulih levels
in the plasma samples from all eight subjects were
measured by radial immunodiffusiqn. The values obtained
are given in Table 7., It can be séen that, while the
results are too few to be statistically significant,
the dé-macroglobulin levels tend to be higher in those
whose zinc level showedvthe greatest increase on

taking the capsule,
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A plasma sample was obtained from subject C after
taking three zinc sulphate capsules daily for five
days. The sample was taken one hour after swailowing
the iast capsule., The plasma zinc level was found to be
13h/ug / 100 ml, a value intermediate to the wvalue
obtained 14 hours after taking the first capsule and
the initial plasma zinc level (ZOO/Ug and 94/Mg / 100 mi
respectively). 6 ml of the sample werevseparated into
6 ml fractions using a 46 cm x 2.6 cm ;olumn of
Sephadex G200 and the zinc level in each of the fractions
measured. The distribution was found to be similar in
shape to both the endogenous zinc distribution and te
that obtained for the sample taken 14 hours after
swallowing the first capsule of the fifteen, shown in
Fig. 39. Measurement of the areas under each of the
peaks gave values for the percentages of the total
plasma zinc bound to albumin and toocz-macroglobulin
of 70% and 30% respectively.

A plasma sample was taken 24 hours after swallowing
the last capsule and the zinc level measured. It was
found that the value was 106/Ug / 100 ml, which is
significantly greater than the initial plasma level of
94 /l.tg / 100 m1, A 2 ml sample was separated intec
2.4 mi fraction using the small column of'Gl?O and the
percentage of the total zinc bound to each of the two
proteins calculated, giving values of 3“% bound to

dEg-macroglobulin and 66% bound to albumin.
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Fig. 4O shows the variation in urine zinc levels
with time for subject C during the five days of the
experiment and for several days afterwards. The urine
zinc'level rose during the first day and continued to
rise in the following period until the urine level
was about double the initial value. On stopping the
capsules the zinc level fell gradually tp the original
value after a time of about 11 days from the beginning
of the experiment.

In the present work the variation of plasma zinc
level with time after an oral dose of 50 mg zinc
has been measured for subjects C and E. In both cases
the response to an oral tracer dose of zinc-635,
equivalent to approximately ZO/Ug zinc has already been
described. Fig. 41 compares the variation of plasma zinc
and zinc-65 levels with time for the two cases. The
graphs show that, while both stable and radioactive
zinc levels reach a peak at between 1} and 2 hours after
administration of the zinc theré is a more rapid
clearance of the extra stable zinc from plasma, with a
a return to tﬁe original stable level in a few hcours.
The curves also show that both stable and radioactive
zinc are cleared niore slowly froim ﬁlasma in subject ®
than in subject C. -~

7.5 Discussion

The graphs of variation of plasma zinc level with

time after ingestion of a single 220 mg capsule of zinc
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obtained from six mormal volunteers show that, in the
majority of cases, a significant rise in the plasma zinc
level occurs, with a maximum at between 3 and 2 hours
aftef taking the capsule and with a rapid decline to
almost the normal level within a few hours. A rise

in plasma zinc level to more than double the original
level was found in two cases, but in one case no
significant increase in the plasma levgl over a periocd
of 6 hours could be detected. It is therefore evident
that there is a wide variation in the amount of zinc
absorbed even in subjects with no known disorders
associated with altered zinc metabolism: Also, when

the capsules were given orally three times daily for

5 days it was found that the plasma zinc level did not
increase continually during this time, Measurement

of the pmlasma level 1 hour after taking a capsule on the
fifth day gave a zinc level (134/ug / 100 ml)

between the initial value obtained before the first
capsule was taken and the maximum value obtained 13 hours
after taking the first capsule (94 and 200/ug / 100 ml
respectively). This result is consistent with the

rapid return of the plasma zinc level to almost the
origixal ievel a few hours after swallowing a single
capsule. If there is a six hour interval on average
between swallowing the capsules taken three times

daily the plasma zinc level will have returned to

almost the original level before swallowing the mnext
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capsule causes a further rise in the plasma level.
These results agree with those obtained by Hallb88k
and Lanner (Hallb88k and Lanner, 1972) who found that
the blasma level of patients on 220 mg zinc sulphate
three times daily, measured after overnight fasting
and before taking a capsule rose only very slowly to
a maximum level of approximately 150/¢g / 100 ml and
that this rise was significant only in cdses where the
initial plasma zinc was lower than 110/}g /,100 ml,
Abdulla et al (Abdulla et al, 1973), who obtained a
similar result, interpreted this finding to mean that
only small amounts of zinc were absorbted into the bod&
during this time. However considerable absorption of
zinc could have occurred in these cases, since the plasma
zinc would have returned to the equilibrium value after
taking the capsule at the time when the measurements
were made.

Administration of a tracer dose of zinc-65 to
two normal volunteers gave maximum levels in plasma
of about 2% of the absorbed dose per litre of plasma,
calculated from the zinc-65 levels in plasma and who;e
body. If, to give a rough guide, this is taken to be
the éase for the absorption of gtable zinc, then an
increase of IOO/Jg zinc per 100 ml piasma at maximum
is equivalent to absorption of 50 mg zinc, that is,
virtually the whole of the administered dose. After

5 days i.e. 15 capsules the total absorption is
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therefore 750 mg. The tetal urinary excretion from
these 15 capsules was calculated to be about 10 mg for
subject C and assuming that the faecal excretion

of absorbed zinc is roughly five times the urinary level
(Husain and Bessent, 1971) this gives a total excretion
of about 60 mg during this time, an émount equivalent

to less than 10% of the amount absorbed. If it is
assumed that the tracer and therapeutip absorbed dose
follow the same metabolic path, this quantity would be
retained for long periods in the body. Hence, if therany
is carried out for several weeks, as is the case for
patients on oral zinc sulphate supplements for
conditions such as Qaricosé ulcers the amount of zinc
deposited in the body could be increased to several
times the pre-therapy level.

Greaves and Skillen have shown that prolonged zinc
therapy has no effect on parameters. such as haemoglobin
level, platelet and white cell counts, plasma urea and
bilirubin concentrations and on serum L.D.H.. isoenzyme
patterns, which have been found to be a sensitive index
of liver function, and in particular, on the levels of
the main zinc metalloenzymes in plasma, alkaline
phospihatase and lactic dehydrogenaée, even after four
months on zinc therapy and though significant increases
in plasma zinc level were found in 67% of the patients
studied (Greaves and‘Skillen, 1970). This lack of
change in the levels of the zinc metalloenzymes even

after prolonged absorption of significant amounts



143

of zinc suggests that though zinc is retained in the
body the greater part of it is stored.

It has been shown that;'when the plasma zinc level
rises following ingestion of a single dose of zinc
sulphate, the distribution of zinc among the plasma
proteins has a similar shape to that obtained for
eﬁdogenous zinc, with two peaks, one coincident with -
db-macroglobulin and the other with albumin. Meaéurement
of the percentages of the total zinc bound to each
fraction in the sample having maximum zinc level sﬁows
that zinc absorbed into plasma is shared between the
dé—macroglobulin and the albumin fractions in the same
ratio as the endogenous zinc (approximately 1:3). This
has been shown to be true for a group of normal subjects
but in two patients suffering from psoriasis, a conditio=
thought to be associated with disordered zinc metabolism,
there was a‘slight increase in the proportion of the totzl
plasma zinc bound to albumin in the plasma samples
obtained 2 hours after swallowing a capsule of zinc
sulphate. After about 6 hours, when the plasma level
hés dropped to almost the original level the amount of
zinc bound to both albumin and dé-macroglobulin falls
again. In some cases a slightl& higher conéentrationrof
zinc is found in the Ué—macroglobulin fraction but in
others the'original level is regained and no difference

could be detected between the distribution patterns for

zinc for the pre-dose plasma sample and that obtained
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6 hours after taking the capsule. As no change cculd t=
detected in the concentration of dz-macroglobulin in
plasma during this period it can be seen that
ﬁé-macroglobulin acts as a true carrier for zinc, since
it loses zinc to the body tissues without itself being
broken QOwn. dz—macroglobulin is therefore a transpor:
protein for zinc.

After taking three zinc capsules daily for 5 days
the distribution of zinc among the plasma proteins was
}ound to be the same as in the earlier samples and the
proportions bound io the two-proteins were 70% to

albumin and 30% to °‘—macroglobulin. A further sample

2
obtained on the sixth day, 24 hours after taking the
final capsule, gave percentages of 66% bound to albumin
and 34% bound to d%—macroglobulin. There is thus a
gradual slight increase in the proportion of the plasma
zinc bound to dé—macroglobulin during this period in
this subject but further work is necessary before the
significance of this finding can be assessed,

The results obtained ip the work described above
agree with those obtained from separation of plasma
samples from patients given an oral dose of 220 mg
zinc sulphate, together with S/pCi zinc-65, described
in Chapter 5. It was found that, in the plasma samples
with maximum zinc-65 1e§cl, a much higher proportion of

the plasma zinc-65 activity was associated with the

‘xz-macroglobulin fraction (about 50%) than that found iz
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plasma samples obtained when a tracer dose of zinc-65
alone was administered, when the value was only 11% of
the total. lence loading the plasma with zinc appeafs
to cause a more rapid rise iﬁ the amount of zinc bound
to the o"2-macr‘oglobulin fraction, It has been suggested
(Chapter 6) that this fraction is connected in some way
with the uptake of zinc by muscle and it is possible
that this increase in the zinc bound to the protein
causes the greater part of the zinc absorbed from
%herapeutic doses to be transported to muscle and stored
there. In this connection it is of interest that
evidence has been produced that dé—macroglobulin is one
of the few plasma proteins to be synthesised by muscle
(Prunier et al, 1964),

The concentration of dé-macrogloﬁulin in plasma is
" therefore not an indication of the amount of zinc bound
to this protein, since this level can vary according to the
amount of zinc ingested. This finding agrees with the
results of McBean and his colleagues (McBean et al, 197z)
who found that patients with suspected zinc deficiency

had plasma'x -macroglobulin levels which did not differ

2

significantly from those of normal controls.

7.6 Conclusions

The experiments described above have shown that:-
(a) Vhen a single dose of zinc (50 mg) was administered
orally to six normal subjects and to two patients

suffering from psoriasis the plasma zinc level rose
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significantly in all but one case, the increases being
in the range 0 - 110% of the original level, but fell
to almost the initial value after approximately six
hours. After taking 150 mg zinc per day for a period of
five days the plasma level showed the same response tc
a single dose of zinc, with only an increase of 10% of
the original level found in a plasma sample taken 24 hours
after administration of the last capsule of zinc,
(b) When the distribution of zinc among the plasma
éroteins was studied for the plasma samples with
maximum zinc ievel it was found that the excess zinc
was associated with the albumin and oz-mécroglobulin
fractions, distributed between the fractions in the ratio
of "albumin /O‘z-macroglobulin zinc of 3:1, the same
rafio obtained for the endogenous plésma distribution.
Vhen the amount of zinc bound to the two fractions was
détermined for the plasma samples taken six hours
after swallowing the capsule, the level of the zinc bcu=d
to az—macroglobulin had fallen, in some cases to the
level obtained for the initial plasma sample. Since
no change in the concentration of d%-macroglobulin
could be found the protein must be capable of binding
zinc and later releasing it to the tissues without

2

itself being destroyed. “-—macroglobulin is therefore

a true transport proteir for zinc.
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8.1 Review of Results Obtained

Initial studies were carried out on the binding of
trace amounts of zinc-65 added to plasma in vitro,
using protein separation by electrophoresis on celluloss
acetate strips. It was found, both by counting transverse
sections of the strips and by autoradiography of whole
strips, that all the zinc-65 was associated with two
protein fractions, albumin and the 0%-globulins. This
was found to be true for a range of amounis of added zinc,
from 0,5 = 1000% of the endogenous plasmaAlevel, though
there was a slightly larger proportion of the added zinc
associated with the dé-globulins at the lower end of the
range. As this method was only capable of analysing
small éuantities of plasma it was rniot suitable for use
in the méjor part‘of the work, on fhe study of‘the
binding pattern of both endogenous zinc in plasma and
the variation of the binding pattern with time of
zinc-65 absorbed into plasma from tracer doses
administered in vivo.

Chromatography on Sephadexfcross—linked dextran
gels was chosen as the most suitable method, one reason
being that it is particularly suitable for separation
the iwo main proteins thoeught to bind most of the
endogenous zinc in plasma, identified by Parisi and
Vallee as albumin and dz-macroglobulin which are well
separated using the higher grades of Sephadex gels

(G100 -~ G200). It was found that there was no
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significant binding to dz—macroglobulin of zinc-65
added to plasma in vitro. Zinc-65, added with amounts

of stable zinc in the range 0.1 -~ 200% of the endogencus
plasma zinc level was found almost totally concentrated

in a peak coincident with the albumin distribution,

confirming the results of Parisi and Vallee that zinc

is bound to dz—macroglobulin only in vivo.

When samples of plasma and serum were separated
using a column of Sephadex G200 the distribution of
‘stable zinc among the protein fractions was found to
have two distinct peaks coingcident with the distributicos
of albumin and dz—macroglobulin. At least 95% of the
tctal plasma level was contained in these fractions,
with ébout a quarter of this bound to dz-macroglobulin
and the octher three quarters to albumin. Analysis of
several plasma samples from six normal volunteers
gave valueé for the percentage of the total plasma
zinc bound to dz—macroglobulin in the range 25 = 32%.

In two samples from patients suffering from psoriasis
the percentages were slightly higher, 45% and 48%.

When the binding pattern of zinc-65 in plasma
samples taken at varying times after administration of
an oral traceir dose was studied 1in two normal subjects
it was found that in the first few hours after
administrétion of the dose about 90% of the zinc-65 in
plasma was bound to albumin. The zinc-65 level bound to

°¢Lz-macroglobulin remained constant over a period of
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24 hours but the albumin-bound zinc-65 level dropped
until the ratio of binding to the two proteins had
reached the equilibrium value found for the endogenous
zinc;

Intravenous clearance curves were measured in
normal controls using tracer doses of zinc-65 and it
was found that clearance of zinc from plasma was very
'fapid, with about 75% of the plasma zin§~65 being
cleared into tissue with a half-life of about 20 minutes.
When the curves showing the variation of absorbed
zinc-65 with time for both oral and intravenous
administration of zinc-65 were compared in one subject
the shapé of the transfer function for zinc crossing the
gastro-intestinal tract was found to rise to a sharp
peak within half an hour after administration of the
zinc and then decline more slowly, showing that
the major part of the zinc is incorporated in the upper
part of the gastro-intestinal tract, possibly in the
stomach or duodenum,

When the uptake and blearance curves from the
ora}ly administered dose of zinc-65 were measured for

erythrocytes, whole body, liver and muscle it was found

tapt

that the whole body curves showed a single exponential
decline with a half-life of about 300 days in the two
subjects studied. While the zinc-65 activity of the

liver rose rapidly to a maximum after about 24 hours

the activity in erythrocyes and in muscle rose more



slowly to a maximum, the erythrocyte peak occurring
about 10 days after administration of the tracer and
that of muscle after about 50 days. Analysis cf the
curves as a series of exponential functions showed that,
after the initial 24 hour period, the fall in the
zinc-65 level in plasma occurs at roughly the same rate
as both the fall in activity of the liver and the
corresponding rise in the activity in muscle, a
correlation strongly suggestive of rapid transfer of
;inc from liver to muscle by plasma during this period.

When 50 mg doses of stable zinc were given orally
to six mnormal volunteers it was found that the plasma
zinc rose to a maximum value between % and 2 hours after
administration of the zinc in all but one case but that
this level had fallen again to almost the normal value
within six.hours. In one case, when 150 mg zinc was
taken for five days, a similar response to a single
capsule was found on the fifth day as on the first and
the plasma zinc level, measured 24 hours after the final
capsule, showed an increase of about 10% above the initial
level,

On separation of plasma samples at the maximum zinc
level using Sephadex gel it was found that the excess
zinc was bound with a distribution similar to that of
the endogenous zinc in plasma, with two peaks in the
dé-macroglobulin and albumin regions. Measurement of

the percentage of the total plasma zinc bound to each

protein fraction showed that the zinc is shared between
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them in the same ratio as the endogenous zinc, a rise in
the amount of zinc bound to dz-macroglobulin of as much
as 100% of the original level, with no accompanying
change in the concentration of the protein in plasma.

As the dé-macroglobulin—bound zinc level had dropped
significantly within a few hours, in éome cases back

. to the original level, og-macroglobulin has the
properties of a zinc transport protein,

Calculation of the zinc content of the total body
mass using the Occupancy Principle gave values of 2.0 g
and 1.4 g zinc, which agree well with the results of
previous chemical studies using cadavers. Similarly,
calculation of the total zinc content of the liver gave
values of 0.12 g and 0.08 g =zinc, results which also
agree very well with those from chemical analyses.

8.2 Relationship between the Zinc-Binding Proteins

While there are apparent differences in the binding
pattern obtained when zinc-65 is added to plasma or serum
depending on the method of protein separation used, and
thought to be due to redistribution of the added zinc
during electrophoretic separation, separation of these
samples using Sephadex gel produpes a zinc=-65 distribution
in which almost all the activity ié concentrated in the
area of the albumin peak. On the other hand; the
distribution of the endogenous zinc in plasma or serum
obtained using the same separation technique has two

peaks, one coincident with that obtained for the
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in vitro zinc~-65% distribution and a second peak which
coincides with that of the og-macroglobulin. While
there is considerable evidence that albumin and
dé-macroglobulin are the two proteins which bind the
major part of the zinc in plasma the possibility that
other proteins are also involved which are
indistinguishable from either of these pr;teins on
separation using cross-linked dextran gels does not
affect the results of the present work. This has been
concerned with an analysis of the change in the levels
of zinc bound to the high and low molecular weight
protein fractions and does not depend on properties of
either protein, apart from in the identification of their
position. Again, while it is of interest that the
distribution obtained on separatioh of plasma samples
labelled with zinc-65 12 vitro using electrophoresis on
qellulose acetate resembles the endogenous distribution
obtained using Sephadex gel rather than tﬁat obtained
when zinc is added to plasma in vitro, these differences
do not affect the results of later in vivo studies, since
these have all been carried out using the same method
of separation using Sephadex gel and the results
cempared accerdingly,

The finding that only one fraction binds zinc in vitro
suggests that newly absorbed zinc is initially bound by
this fraction since, in the absence of factors present

in plasma only in vivo, zinc ions added to plasma
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in vitro should bind to the proteins in the same way as
zinc entering from the gastro-intestinal tract.
Comparisons of the binding obtained using increasing
amounts of =zinc have shown that, on addition of amounts
equivalent to several times the endogenous plasma zinc
level, all the extra zinc binds to the same protein
fraction as trace amounts of zinc. It is therefore
probable that even large améﬁnts df zinc absorbed from
orally ingested doses of zinc can be cleared by plasma
to the tissues,

Clearance curves obtained for tracer doses of
zinc-65 administered intravenously have shown that, once
absorbed, the major part of the zinc in plasma is cleared
very rapidly. However the oral curves are modified by
the slower process whereby the oraily ingested zinc
crosses the gastro-intestinal tract. 7This means that
during the first few hours after swallowing a tracer dose
of zinc-65 a large proportion of the zinc-6% in plasma
has just entered the plasma, but that because of the
rapid clearance there has been'é considerable amount of
the zinc-65 previously removed from plasma into the
tissues. On separation of plasma samples taken during
this time it is found that even only an hour after
swallowing the dose there is appreciable binding to the
dé-macroglobulin fraction; though the major part of the

zinc is bound to albumin, suggesting that the zinc

cleared from plasma is rapidly incorporated into the
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C‘Z—macroglobulin fraction and that the larger amount
bound to albumin is mainly newly absorbed zinc-65. This
interpretation is reinforced by the finding that a
considerable percentage of thé newly absorbed zinc is
taken up by the liver, which is known to be capable

of producing the protein. Absorption into the liver
from plasma stops when the ratio of zinc-65 bound to
albumin to that bound to.dzihacroglobulin has reached

the equilibrium value found for the endogenous zinc.

8.3 Relationship between ¢x2-macroglobulin and Tissue

Uptake of Zinc

For the first 24 hours after administration zinc-65
is cleared preferentially into the liver and though durirs
this time measurable amounts of zinc-~65 can be detected
iﬁ muscle there is a gradual increase in activity for
about 50 days while after 24 hours the zinc-65 activity
in the livef starts to decline. This increase in muscle
activity ié too greaf to be provided solely from the
plasma zinc pool, since during this time the average
total zinc-65 content is only about 0.5% of the
administered dose. The liver, on the other hand,
contains about 16% of the dose gfter 24 hours but only
4% at the time of peak zinc-=65 activity in muscle. It
therefore seems fairly certain that the increase in
zinc=65 le&el in muscle is derived largely from the liver.
Corroborative evidence is provided by the finding that

the half-lives for the decline in zinc-65 activity of



liver and plasma are the same as that for the gain in
activity of muscle during this period.

Uptake of zinc-65 by liver occurs only while the
percéntage of the total plasma zinc-65 bound to albumin
is greater than the equilibrium value., Uptake by musclie,
however, is appreciable only when there is measurable
binding of zinc-635 to the O‘z—macroglobulin fraction.
This would suggest that dé—macroglobuliﬁ-bound zinc is
particularly important in this transfer,.

8.4 Effectiveness of Zinc Therapy

It is apparent that large amounts of zinc can be
absorbed from therapeutic doses but the rapid clearance
of absorbed zinc into the tissues makes study of the
resultant change in plasma level difficult if only stable
zinc is given. In particular it is not possible to
study thé uptake and clearance by liver and muscle of
zinc absorbed from therapeutic doses unless zinc=65 is
administered with the dose. It has been shown that
relatively large amounts of zinc added to plasma in vitro
are bound in the same way as trace amounts, suggesting
that most of this zinc will be transported to the tissues
in the same way as the much smaller quantities absorbed

th s described

i€

hH

from the diet. However reliminary studs
in the present work have shown some evidence of more
rapid clearance of zinc from an oral dose, since
approximately 30% of the peak zinc-65 level was found in

plasma 24 hours after oral administration of a tracer
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dose of zinc-65, but only 10% of the peak increase in
stable zinc 1evél was found in plasma 5 hours after

a therapeutic dose., This more rapid clearance of the
absofbed zinc is accompanied by a much faster rise in
the proportion of the total plasma zinc bound to
dz-macroglobulin. While if the tracer excretion pattern
~is maintained, very little of the absorbed zinc from

a therapeutic dose is excreted during #he'first few days
it is not clear at present whether the absorbed zinc is
used immediately by the tissues or whether it is merely
stored within the 'body.

These results are ob?iously of importance when the
use of zinc therapy in routine clinical practice is
éonsidered, particularly in cases whevre the regime is
continued for long periods. While the comnsiderable
number of clinical trials of zinc sulphate therapy
carried out to date have in the main shown no adverse
effects on the patients to whom the zinc was administered,
the present work has highlighted the need for more basic
information on the uptake and clearance of therapeutic
zinc by the organs and tissues and of the excretion of
these amounts both in normal controls and in patients
suffering from conditions thought fo bear some
relationship to zinc deficiency. These can then be
compared with the results obtained from tracer doses of
zinc and any differences assessed. A study of the levels

of some of the more readily estimated zinc metalloenzymes
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(such as the carbonic anhydrase level in erythrocyvtes)
would give valuable information about the‘utilisaticn of
the absorbed zinc.

8.5 Conclusions

In the introduction to this work the main aims were
stated as being the study of the distribution of zinc
among the components of plasma both in the steady state,
as given by the binding of the endogenous zinc, and as
a function of time, studied by measuring the variation
in the binding pattern of zinc-65 in plasma from a tracer
dose given orally, and to correlate these results with
the uptake and clearance of zinc by the tissues, It has
been found that zinc, like many other trace elements,
possesses a sensitive and sophisticated mechanism for
its uptake and control in plasma and that one of the

zinc transport proteins, o4 -macroglobulin, is apparentiy

2
specific fér the element. Both the transport proteins,
albumin and,O%-macroglobulin, transport zinc to the
tissues but it seems that the relative levels of zinc
bound to these two proteins act as a control for the
destination of the zinc in plasma, excess zinc on albumin
being deposited in the liver and‘this zinc then
transferred tc the muscle tissue. Whiie these results

are necessarily of a preliminary nature they suggest future
areas for'research into the functions of an element whicix

is not only essential for the maintenance and repair of

the body tissues but may also provide benefit in
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therapeutic dos2s f£o patients with a wide variety of

healing problems.




KINETIC AND THERAPEUTIC

ASPECTS OF ZINC METABOLISM

VOLUME IXT

by

Cecilia Mary Feasey

(B.Sc. Honours)

A Thesis presented to the University of

Glasgow for the degree of Doctor of Philosophy

November, 1973



CONTENTS

VOLUME II

Appendix I
Properties of Zinc
Appendix II
Techniques for Protein Separation Using
Electrophoresis
Appendix TIII
Method for Protein Separation Using
Sephadex Gels '
Appendix IV
Estimation of Total Protein and Albumin
Levels using Spectrdmetric Methods
Appendix V
Method for Measurement of Protein
Coﬁcentration by Radial Immunodiffusion
Appendix VI
Estimation of Stable Zinc Levels Using
Atomic Absorption Spectrdmetry
Appendix VII
Calculation of the Transfer Function for
the Passage éf Zinc through the Gut Wall
References

Tables

Figures

Page

11

14

18

20
23
35
43



APPENDICES



APPENDIX I

PROPERTIES OF ZINC

Properties of Zinc

Principal Radioisotopes of Zinc



I.1 Properties of Zinc

Atomic Weight 65.38

Atomic Number 30

Periodic Classification I1B

Electron Distribution 2 -8 - 18 - 2
Density 7.1% g / ml at 20°C
Melting Point %19.5%

Boiling Point 907°¢

Electrode Potential -0,762 V at 25°C

I.2 Principal Radioisotopes of Zinc

There are two radioisotopes of zinc which are

readily available, zinc-65 and zinc-69m.

Isotope . Type of Half-1life Gamma Energy
Decay ’ (MeV)
zinc-65 ﬁ + 245 days 0.51
1.11
Zzinc-69m isomeric 13.8 hours O.uh
transition

zinc-69 /g'- 52 minutes



II.

II.2

APPENDIX IIX

TECHNIQUES FOR PROTEIN

SEPARATION USING ELECTROPHORESIS

1 Technique for Electrophoresis
on Cellulose Acetate Strips
Technique for

Immunoelectrophoresis



IT.1 Technique for Flectrophoresis on Cellulose

Acetate Strips

Electrophoresis was carried out on 12 cm x 2,5 cm
cellulose acetate strips (Oxoid, Ltd.) using a 0.05M
barbitone / sodium barbitone buffer, pH 8.6, containing
5 ml / 1 of a solution of 0.1% thymol in isopropanol as
antibacterial agent. The buffer was made up using
double-distilled deionised water.. 5/,1 samples were
applied in a uniform line at a position about one third.
of the strip length from the cathode. Separation was
carried out using a constant current of 0.6 mA / cm
strip width for one hour and usually of eight 5/u1
samples per run., After separation the strips were either
stained using a 0.5% solution of Ponceau-S in 3%
trichloracetic acid and washed in 5% acetic acid, then
in water, or, since the staining procedure removed the
zinc from the strips, prepared for counting in either of
the following ways:- |
(a) The strips were dried and cut 1ongitudinaliy into
three sections in the ratio %:%;&vof the total width aﬁd
the outer sections stained using Ponceau-S to locate the
pfotein bands. The middle section was cut crosswise
into 2 mm wide strips, each of which was then counted.
The position of each strip was marked on the stained
portions *to cnable its activity to be related to the

protein fraction concerned.

(b) It was found that a solution of ninnydrin in



butanol did not remove the zinc-65 activity from
the fractions as did the staining procedure using
Ponceau-S and hence this solution could be used to
locate the protein fractions, which could then be cut
out and counted. The cellulose acetate strips were
sprayed with a 0.05% solution of ninhydrin‘in butanol
using an aerosol spray (British Drug Houses, Ltd.) and
dried at 100°C to develop the staih. The strips were
then cut into individual protein fractions through the
midpoint of the unstained area between the fractions,
The fractions were then counted.

Samples were counted in plastic containers using
a well counter with a two inch thallium-activated
sodium jodide crystal at an energy corresponding to
the major‘K—peak for the particulaf isotope. The time
for which the samples were counted varied according to
the activity of the samples and was the time required
for at least 50 counts above background to be obtained.

In practice this was in the range 100 - 800 seconds.

ITI.2 Technique for Immunoelectrophoresis

Samples were separated using a O.i1M sodium barbitone /
sodium acetate buffer, pH 8.6, as electrolyte. The agar
solution was made up using Ionagar No.2 (0xoid, Ltd.)
in quarter strength buffer at a concentration of 20 g / 1.
The agar solution was heated for one hour at 10600 in
a water bath and then allowed to solidify. The gel

was kept at 4°c until required, when it was reheated to



60°C before use. A layer of the gel was then poured
on to eight 10 cm x 2,5 cm glass slides positioned. in
a holder and the gel allowed to solidify. Two weils
and one trough were cut in each slide and the gel in
them removed by suction. 2/;1 samples were placed
each well and electrophoresis carried out gt a constant
current of 36 mA for 13 - 12 hours.

The troughs were then filled with the required
antiserum, either goat antiserum to human serum or
the appropriate monospecific antiserum (Hyland).
The slides were placed in a diffusion chamber and
left for 16 hours to allow diffusion of the antiserum.
They were then washed in isotonic saline for 48 hours
to remove excess protein then in distilled water for
24k nours to remove the salt. A frésh layer of 1liquid
agar was poured onto the slides and when this had
solidified the slides were placed in an incubator at
37°C to allow the gel to dry out., When dry the slides
were sfained using triple protein stain in 29,
trichloracetic acid, washed in é% acetic acid and

covered.



APPENDIX IIT

’

METHOD FOR PROTEIN SEPARATION

USING SEPHADEX GELS

I11.1 Column Preparation

ITT.2 Sample Separation



IIXI.1 Column Preparation

The required quantity of dry gel grains was added
to a volume of the eluting buffer approximately twice
the expected - -volume of the swollen gel. The gel was
heated in a water bath for at least 5 hours to swell
the grains and remove the air bubbles. The gel was then
allowed to cool to room temperature. The column was
filled about one third full of buffer and the swollen
gel poured gradually into the column down a glass rod.
The gel was then allowed to pack by allowing the buffer
to run from the column, fresh gel being added continually
from the top. When the column was full and no further
packing observed a volume of buffer at least equal to
the bed volume of the column was pumped through at the
the rate of flow used in the proteiﬁ fractionation
experiments., Uniformity of packing was checked by
visual inspection of the gel bed and in some cases by
passing a sample of Blue Dextran (Pharmacia, Ltd.,
Uppsala) dissolved in buffer through the column. This
procedure also enabled the Void.volume of the column to
be measured.

III.2 Sample Separation

Three grades of Sephadex gel, G7%, GiOO and G200
(Pharmacia, Ltd.), were used in the work described. Two
column sizes, 46 cm x 2.6 cm diameter and 18.5 cm x 1.6 cm
diameter were used in the experiments (Pharmacia, Ltd.),

depending on the grade of gel used and the degree of



separation required. Samples were separated by pumping
the eluant buffer through the column at a constant flow
rate using a peristaltic pump (Chromapump, Baird and
Tatlock, Ltd.). The flow rates normally used were

14,4 and 21.6 ml / hour. The fractions from the column
were collected automatically using a Chromafrac fractién
collector set to deliver a constant volume. Fraction
volﬁmes were in the range 2.4 - 9‘ml, depending in the
sample volume and the size of column used.

Thevbuffer used in all the experiments was
Tris(hydroxymethyl)-methylamine -« hydrochloric acid,
0.1M, pH 8.0. To ensure a sufficiently high ionic
strength the buffer was made up in a solution of sodium
chloride whose concentration was in the range O.1 -
1.0M. This ensures that the ionic.strength of the
eluted protein fractions is constant and that possible
adsorption of proteins onto the gel, which can occur
at low ionic strength, is minimised.

The sample was applied to the drained gel bed using
a disposable polypropylene syriﬁgé. To ensure
evenness of application and to remove any precipitate
some samples were applied to the gel surface using a
plastic sample applicator faced with fine nylon mesh
but where the stable zinc content of the fractions
was to be measured the sample was applied directly on
the drained gel bed to avoid contamination of the sample.

The fractions from the column were collected in 10 ml
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disposable plastic vials.

After each sample fractionation a volume of buffer
at least equal to the bed volume of the column was
pumped through before re-use and the gel was discarded
after at most six separations had been performed and

replaced with unused gel.
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APPENDIX IV

ESTIMATION OF TOTAL PROTEIN AND ALBUMIN

LEVELS USING SPECTROMETRIC METHODS

IV.1 Measurement of Protein Content
by Absorption of Light at 280 nm
Iv.2 Measurement of Albumin Concentration

in Methyl.Orange Reagent
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A Pye—Unicam SP500 spectrophotometer was used for
all measurements
IV.1 Measurement of Protein Content by Absorption of
Light at 280 nm
0.1 ml of the sample to be measured was diluted with
Tris-HCl buffer in a 1 cm x 1 cm x 5 cm quartz cuvette.
A similar cuvette containing 2.1 ml of the buffer was
used as a reference. The absorbance of the reference
solution was adjusted to read zero at a wavelength of
280 mn and the absorbance of the samples measured as the
increase in absorbance above this level.
IV.2 Measurement of Albumin Concentration in Methyl
Orange Reagent
A stock solution was made up from 1 1 0 .055M

Citrate buffer, pH 3¢5 and 0.1l methyl orange solution

in water. Using each solution in the temperature range
2k° - 29°C, the methyl orange solution -was added to the
buffer in 5 ml aliquots and stirred. The spectrometer

was set to read zero for distilled water and after
each addition the absorbance of 2.1 ml of the resultant
solution was compared with that of the same volume of
water at 50 nm. When the absorbance of the solution
was in the range 0.?79 - 0.82 the solution was ready for
use and was stored at ~°C until required.

The albumin content of the samples was measured by
adding 0.1 ml of the sample to 2 ml methyl orange /

buffer solution at approximately 2J°c in a



TYPICAL EXAMPLES OF ALBUMIN

STANDARD CURVES

Absorbance = Absorbance of 0.1 ml standard solution

in 2 ml methyl orange reagent

(1) Purified human serum albumin dissolved in Tris-HC1l
buffer
Albumin Concentration Absorbance at
(g / 100 ml) 540 nm
® o o. 15
2.0 0.23
1.0 0.36
0.5 0.48
0.25 0.59

(ii) Normal plasma diluted using Tris-HCl buffer

Albumin Concentration Absorbance at
(g / 100 ml) 540 nm
5.10 0.090
2.55 0.125
1.02 0.205
0.25 0.470

0.06 0.630
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1 cmx 1 cm x 5 cm quartz cuvette and the absorbance
measured. Distilled water in a similar cuvette was
used to define the reference zero point. Standard
curvés were derived using the absorbance of known
amounts of human albumin (Behringwerke, Ltd.) dissolved
in Tris-HC1 buffer and of serum of known albumin
concentration diluted with buffer. The two curves

were found to be slightly different due to the presence
of other suﬁstances with a slight affinity for methyl
orange and of bilirubin in serum. However it was

found that both sets of results gave a good fit to

an exponential curve of the form:-

C = Ae where A, b = constants
‘C = concentration of
albumin

X

absorbance at 540 nm
The standard curve was derived using a least

squares fit to an exponential function and the albumin

concentration of the sample estimated using the

calculated values of A and b and the measured value of x.
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APPENDIX V

METHOD FOR MEASUREMENT OF PROTEIN

CONCENTRATION BY RADTIAL IMMUNODIFFUSION

V.l . Preparation of Plates
V.2 Measurement of Protein

Concentration
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V.1 Preparation of Plates

A stock gel.preparation was made up as follows:-
2 g Ionagar No. 2 was added to 100 ml sodium barbitone /
hydrochloric acid buffer, pH 8.6, containing 0.1%
thiomersal. The solution was heated in a water bath at
100°C to dissolve the agar and the gél allowed to
solidify at room temperature and stored in 10 ml
quantities at MOC. When required the gei was melted
and allowed to cool to 5000. The required quantity of
antiserum (see Table V below) was warmed in a sterile
bijou to 48°C in a water bath. 2.5 ml agar solution was
transferred to the bijou and, after thorough mixing,
the agar / antiserum mixture was poured onto 5 cm x 5 cm
glass slides and allowed to solidify at room temparature.
2 mm diameter wells were then bunched out in the gel
and the agar in the wells removed by suction. The
optimum spacing of the wells depended on both the
concentration of the protein in the sample and on the
the protein concerned. This spacing was determined
empirically., It was found necessary to Ailute serum
or plasma samples to a quarter of the normal strength
for measurement of albumin or immunoglobulin-G, though
undiluted samples could be used fof all the other
proteins. It was not found to be necessary to dilute
any of the column fractions.

V.2 Measurement of Protein Concentration

The wells were filled with 2}}1 of the sample
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using an Oxferd Ultramicro-pipetting system and
disposable plastic tips. Four standards made up of
dilutions of serum or plasma were included in each plate,
at c;ncentrations of 100%, 50%, 25% and 12.5%. The
absolute value of the protein concentration was found
when required by including a 2/,1 sample of standard
serum (Behringwerke, Ltd.) containing known amounts of
the proteiﬁs. The plates were then plgcéd in a moist
atmosphere at 37°C and diffusion allowed to take place
for from 16 - 48 hours. After the required time the
slides were placed in 1% tannic acid for about 15 minutes
to make the precipitin rings visible. The diameter of
.the rings was measured using a lens incorporating a
millimetre scale. From the measured diameters and the
known concentrations of the standards the equation of the
standard curve was computed using a least squares fit
to an exponential function of the diameter of the rings,
i.e an equation of the form:-

C = Aebd where A, b are constants

C = protein\concentration

d diameter

Using the computed values of A and b and the measured
values of d the concentration of pfotein in the samples
was found.

Table V gives the amounts of antiserum used for

measurement of the wvarious proteins.
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TABLE V

Antiserum Amount added to

2.5 ml agar

(m1)

Anti-albumin ‘ 0.025
Anti-Immunoglobulin-G 0.05
Anti-Haptoglobin 0.10
Anti—dz—macroglobulin 0.05
Anti-Caeruloplasmin 0.10
Anti-Transferrin 0.05

Anti-Immunoglobulin-M 0.10
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APPENDIX VI

ESTIMATION OF STABLE ZINC LEVELS USING

ATOMIC ABSORPTICN SPECTROMETRY
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All measurements were made using a Perkin-YElmer
atomic absorption spectromgter Model 403 with a Boling
triple slot burner. The fuel used was acetylene, with
air as oxidant. A non-lumindus acetylene flame was
used and zinc levels were determined at a wavelength of
213.8 nm. Instrument adjustments were made according
to the instruction manual,.

All glassware was soéked in 5N nitric acid and
rinsed in deionised double-distilled water before use.
) A zinc reference standard solution ¥ containing
1 mg zinc per ml was diluted.with deionised double-
distilled water to éive standard solutions'containing
0.25, 0.50, 1.00, 2.00, 2.50 ug zinc / ml. Both
standard and protein sample solutions were dilutedvone
in five with 10% analytical grade Propan-1-o0l. The
instrument was set to read zero for the Propan-ti-ol
diluent ana samples and standard solutions were
aspirated directly into the spectrometer. A calibration
curve was then calculated using the standard solutions
and the zinc content of the samples found using this
curve,

It was found that the error in the method was

+ 2/,g / 100 ml.

All stable zinc measurements were carried out in

the Department of Biochemistry, Glasgow Royal Infirmary.

¥ British Drug Wouses laboratory reagents products

No. 14obo
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- APPENDIX VII

CALCULATION OF THE TRANSFER FUNCTION FOR

THE PASSAGE OF ZINC THROUGH THE GUT WALL
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If the disappearance with time from plasma of a
bolus of tracer injected intravenously and the uptake
and clearance by plasma of an amount of the same tracer
admiﬁistered orally are known, then it is possible to
derive the transit function which describes the passage
of the tracer from the gut into plasma.

if

c(t)

the amount of tracer in plasma at time t

from an amount given orally at time t = O

g(T) = the amount.of tracer remaining in plasma at
time T from unit amount injected at time
T =20

f(t) = the fraction of the tracer dose passing

through the gastro-intestinal tract at time t.

Of the amount £(t - T).AT absorbed into plasma in
the short time interval t - T to t - T + 4T an amount
g(t).f(t - T).AT remains at time t. Then the amount of
tracer absorbed into plasma at time t is the sum of
these amounts.

Therefore as T =)0,

t

c(t) = g(T).£(t - T)4aT
0 .

Since the values but not the equations are known for
c(t) and g(t) an approximate solution for f(t) can be
obtained by expanding c(t) in terms of a small finite

time interval, AT.



22

. olt) = o(nt) = g(0).0(nb1). a7 + g(a1).x[(n-1) 7). 07
+ ee. + g(i-1)AT.f[(n—i+1)ﬁT].AT + ..

Hence for n = 1,

c(AT) = g(o).r(aT) = £(&T).AT since g(0) = 1
. £(AT) = 1/pT.c(8T)
for n = 2,

c(281) = £(2AT).AT + g(AT).£(AT).OT
£(28T).4T + &(AT).c(AT)
‘. £(2AT) = 1/AT.c(24T) - g(AT).c(AT)

and similarly for n = 3
Hence by substituting the known numerical values for
c(t) « . . . c(nAT) and g(AT) . . . g(nldT) the values of

f(t) at times T, 2AT . . . nQT can be calculated,
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TABLE 1

Comparison of the mean ratios of albumin-

to dz-globulin-bound zinc=-65 on addition of

1o/ug and 25/0g zinc / 100 ml plasma, from

‘14 sample separations in each case

Amount of Mean Ratio Standard Probability
zinc added deviation P
Sﬂg/100 ml) of mean
10 2,25 O.h41
0.63
25 2,32 0.39

p =

the same,

probability that the distributions are

using the Student-t test
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TABLE 2

Comparison of the mean ratios of albumin-

to dz—globulin—bound zinc-6% activity,

obtained on addition of O.S/Hg, 10/Ug,

100/ug and 1000/Ug zinc / 100 ml plasma

to aliquots of the same plasma sample,

separated under the same experimental

conditions and from 12 separations in

each case

Amount of Mean Ratio Standard Probability
zinc added deviation P
/ 100 ml of mean
0.5 1.31 0.25 -l
8 x 10
10 1.88 0.4k _2
8 x 10
100 2.16 0.28
100 2.16 0.28 -2
. 5 x 10
1000 2.43 0.34
10 1.88 O.hl -3
2 x 10
1000 2.43 . 0.3h
P = probability that the distributions of the

results in the two groups are the same,

using the Student-t test.




TABLE 3

Comparison of the mean ratios of albumin-

to dé-globulin-bound zinc-65 activity

‘obtained on addition of ZO/Ug zinc / 100 ml

to plasma samples from five normal subjects

Subject Number of Mean Ratio Standard P
(sex) C.A. Strips Deviation
of Mean
1(M) 6 3.53 0.39
0.kl
2(M) 6 3.31 0.55
3(M) N 2.96 0.45
0.57
4 (M) 5 3.12 0.33
5(F) 8 4,0k 0.78
0.3%4
1(M) 8 4,46 0.92

P = probability that the distributions are

the same, using the Student-t test.




TABLE 4

Comparison of the percentages of the .

total serum zinc level bound to

.oé-macroglobulin and to albumin in

samples from 6 normal subjetts

Subject Serum Zinc Protein-bound Zinc (%)
. (sex) Level %fmmcroglobulin Albumin
y,«g/mo ml)
1(M) 80 26 Th
2(M) 78 34 66
3(F) 90 37 63
4(M) 84 L6 54
5(M) 100 28 72 °
6(M) 76 19 81

(Separation of 2 ml samples into 2.4 ml

fractions using a small column of

Sephadex G75)
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TABLE 5

Comparison of the percentages of the
total plasma zinc level bound to
' ® _macroglobulin and to albumin in

2

samples from 6 normal subjects

Subject Plasma Zinc Protein-bound Zinc (%)
(sex) Level % -macroglobulin { Albumin
(pg/100 m1)

c(r) 88 32 68
E(F) 86 31 69
K(M) 96 26 74
R(M) 88 - 3 69
J(M) 124 25 75
D(M) 114 . 32 68

(Separatipn of 2 ml samples into 2.4 ml fractions

using a small column of Sephadex G100)
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TABLE 6

Comparison of the percentacge of the total‘
plasma zinc bound to albumin in plasma
samples obtained pre-dose, 1% hours after
swallowing the zinc sulphate capsule and

approximately 6 hours after taking the

capsule
Subject Albumin-bound Zinc (% total)
‘ pre~dose 17 hours 6 hours
c 68 76 53
E 69 73 —
K Th 72 69
R 69 75 69
J 75 71 ko
D 68 63 —
pre~dose 2 hours
J.G. 58 ) 69
R.G. 55 66

Subjects C,E,X,R,J and D were normal volunteers,

J.G and R.G, patients suifering from psoriasis.
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TABLE 7

(o 4

2-macroglobulin concentrations in
plasma from 6 normal subjects and 2 patients

measured using radial immunodiffusion

Subject oé-macroglobulin

Concentration

(mg / 100 ml)

c 300
E - 258
X 1§1
R 145
J 134
D 98
J.G. 278

RoGo 190
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Fig., 1
Variation of zinc-65 activity, added to plasma
in vitro, with distance migrated along a cellulose

acetate strip, measured by counting 2 mm transverse

sections
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Fig, 2

Distributions of zinc-65 and iodine-131-
labelled albumin, added in vitro to plasma
and separated by electrophoresis on

cellulose acetate strips.
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Fig. 3

Comparison of a stained cellulose acetate
strip and an autoradiograph of a similar
unstained strip from a plasma sample
containing 20 szct zinc-65 / ml, added

in vitro.

Plasma sample stained using protein

stain, showing all protein bands.

Autoradiograph of similar strip,
showing zinc-65 associated with only

the albumin and "-globulin bands.
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Fig. 4
Comparison of the distributions obtained
when 10/uCi zinc-65 and 5,Pci iron-59
were added to the same 1 ml sample of

normal plasma.
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Fig. 5
Gain of activity with time of non-active
serum on dialysis of serum samples containing
trace amounts of zinc-65 and iron-59 against

serum containing no radioactive material
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280 nm
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Fig. 6
Variation in absorbance at 280 nm among
the protein fractions, obtained on separation
of plasma samples.of 3 ml, 5 ml and 10 ml

using a column of Sephadex G200
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Fig. 7

Protein Content of Serum Fractions Containing

Maximum macroglobulin and Albumin Concentrations

Separation using electrophoresis on cellulose
acetate and Immunoelectrophoresis of G200
column fractions 2 and 3> which contain maximum
levels of -macroglobulin and 13 and 1*. which

contain maximum levels of albumin, compared

with serum in each cas

Serum

13

Electrophoresis on mmunoelectrophone sis

cellulose acetate
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Fig. 8
Radial Immunodiffusion Calibration

Curves
Graphs of concentration against diameter of
the precipitin rings from a range of dilutions
of albumin solutions, measured at times 17, 41
and 65 hours and showing the least squares

exponential fits in each case.
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Fig. 9

Distribution of the serum proteins among
the fractions obtained on separation of normal
serum using a large column of Sephadex G200,

measured using radial immunodiffusion

.4

Absorbance P o
- at 280nm ‘\ 4 \ ./. \.
o/
24 / ° / S
e :
. N )
\.\
o' -
SOOJ
PROTEIN
CONCENTRATION
mg/100 ml
250+

Cpl FRACTION NO.
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Fig. 10

Comparison of the sharpness of the albumin
distributions among the protein fractions

obtained on separation of plasma samples of
10 ml, 5 ml and 2,5 ml using a large column

of Sephadex G200
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Fig. 11

Distribution of zinc-65 activity among the
protein fractions,

obtained on separation of

4 ml plasma containing a trace amount of zinc-65
added in vitro, together with a trace quantity

of iodine-131-labelled albumin, into 6 ml
fractions using Sephadex G200
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Fig. 12
Distributions of zinc-65 actiyity among the plasma
protein fractions from separation of 2.5 ml plasma

samples containing SO/Ag and ZOO‘rg added zinc / 100 ml

cxvaman @ samws Z[Nc_ﬁs
= () — ALBUMIN
100+ 50 pg
Activity ,
(.,o max.) q .
. ®
504 /o
,0’.\s._g,.-.oais,Q&, \o\
0 10 20
‘ Fraction No.
200 p9
100-
Activity

(*%% max.)

| ]
| /j \,

Q e
PN\

10 20
Fraction No.

(Separation into 3.7 ml fractions using

a 46 cm x 2.6 cm column of Sephadex G200)
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Fig. 13

Distribution of zinc-65 activity among the

X -globulins obtained after electrophoresis of

plasma containing.added zinc-65 and separated

using- Sephadex G200
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Fig. 14

Distributions of endogenous zinc, albumin and
dz-macroglobulin among the protein fractions
obtained on separation of 6 ml normal plasma

into 6 ml fractions using Sephadex G200
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Fig. 15

Distribution §f endogenous zinc among the

serum proteins, together with the in vitro zinc-635
distribution, obtained on separation of

7.5 ml normal serum into 6 ml fractions

using Sephadex G200
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Fig. 16

Variation in the absérbance at 280 nm, the
endogenous zinc level and the albumin level
among the protein fractions from a 2 ml sémple
of normal serum separated into 2.4 ml fractions

using Sephadex G75
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Fig. 17

Distributions of endogenous zinc, albumin

and dé—macroglobulin among the protein fractions
from a 2 ml samplelof pooled normal serum

separated into 2.4 ml fractions using

Sephadex G100
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Fig. 18

Oral Plasma Zinc-65 Curve

Variation of plasma zinc-65 level with time
for subjects C and E after an oral tracer

dose of zinc-65 chloride
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Percentage of Dose in 1 litre of

Plasma Bound to each Protein Fraction

2 hours
Frac tion p Dose Fraction B /o Dose
Number / litre Number / litre
1 0.000 10 0.085
2 0.055 11 0.132
3 0.059 12 0.186
k 0.026 13 0.216
5 0.000 14 0.228,
6 0.01»p 15 0.120
7 0.028 16 0.041
8 0.032 17 0.000
9 0.069
25 hours
Fraction & Dose
Number / litre
2 -4 0.101
5 -7 0.047
8 - 10 0.095
11-13 0. 179
14 - 15 0.028

(6 ml fractions in each, case)
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Distribution of plasma zinc-65 among the

proteins in samples obtained from subject C

2 hours and 25 hours after ingestion of a

tracer-dose ~
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Plasma Bound to

1.5 hours

Fraction

Number
1
2
3
4
5
6
7
8
9
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Fraction
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O BW N R
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litre

0©000
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. 025
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Do se
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OO OO0 oo

each Protein Fraction

(6 ml fractions)

Fraction
Number

10
11
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15
16
17

( 9 nil fractions)

Fraction
Number

o

10

12

% Dose
/ litre

O OO0 OO 0o

.053
. 065

.099
.111

.077
. 048
.011
.000

Do se
/ litre

.077
.098
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.082
.004
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Distribution of plasma zinc-65 among the

protein fractions in samples obtained from

subject E 1.5 hours and 4.4 hours after

ingestion of a tracer dose
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Fig. 23

Comparison of the distributions of endogenous
zinc and plasma zinc-65 4 hours after an oral

dose among the protein fractions for subject C
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Fig. 24

Variation of zinc-065 level with time bound

to plasma, albumin and dé—maoroglobulin

during the first 24 hours after administration

of an oral dose of zinc-65 to subject C
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Fig. 25

Variation of zinc—-65 level with time bound to
plasma, albumin and d2~macroglobulin during
the first 24 hours after administration of

‘an oral dose of zinc-65 to subject E
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Fig. 26

Variation in stable zinc and zinc-65 levels
in plasma with time after administration of
an oral dose of 50 mg zinc together with

S/uCi zinc-65 to patient S.G.
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Fig. 27
Variation in stable zinc and zinc-65 levels
in plasma with time after administration of
an oral dose of 50 mg zinc together with

5/uCi_zinc-65 to patient A.R.
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Variation of plasma zinc-65 level with time on
intravenous infusion of O.Mupﬁi zinc~65 for
subjects K and M, expressed as a percentage of

the maximum level
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Fig. 30
Variation of plasma zinc-65 level with time on
intravenous infusion of O.h/pCi zinc-65 for

subjecﬁ C, expressed as a percentage of the

total dose administered
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Fig. 31

Comparison of the curves obtained
for the gut transfer function f(t)
using values of @t of 0,125 hour,

0.25 hour and 0.5 hour
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Fig. 32

Comparison of the oral plasma clearance curve
and the gut transfer function describing the
variation in the amount of zinc-65 crossing the

gut wall into plasma, for 4t = 0,125 hour
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Fig. 33
Position of the detector for measurements on

liver uptake and clearance of zinc-65

ANTERO - POSTERICR

o STOMACH

PANCREAS

DUODENUM

stomach

""""""""

M




Dose per litre packed cells

73

Fig. 34

Uptake and clearance of zinc-65 by
erythrocytes after an oral dose of zinc-65
for subjects C and ®, expressed as a percentage

of the total dose administered
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Fig. 35

Whole body clearance curves for subjects C

and £ after an oral dose of zinc-65, expressed
as a percentage of the administered dose,
showing the least squarés exponential fit

to the points in each case
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Fig. 36

Uptéke and clearance of zinc-65 by the
liver after an oral dose of zinc-65 for

subject E, expressed as a percentage of the

total dose administered
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Fig. 37
Uptake and clearance of zinc-65 by muscle
(thigh and forearm) after an oral dose of
zinc-65 for subject E, expressed as an

approximate percentage of the total dose

administered
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Fig. 38a

Variation in plasma zinc level with time after
an oral dose of 220 mg zinc sulphate in 6 normal

subjects
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IFig. 38b
Variation in plasma zinc level with time after
an coral dose of 220 mg zinc sulphate in

6 normal subjects
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Fig. 39

Comparison of the distributions of the plasma
'zinc among the protein fractions for the
endogenous zinc and in a plasma sample
obtained 14 hours after ingestion of a

220 mg zinc sulphate capsule for subject C
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Fig. 40

Variation in urine zinc level with
time on taking 3 capsules of zinc
sulphate daily for 5 days

(subject C)
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Fig. 41

Comparison of the variations in plasma level with
time after oral administration of a therapeutic
dose of stable zinc and a tracer dose of zinc-65
for subjects C and E
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