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©

Copper concentrations were determined in maternal
serum, Rlacenta} and umbilical cord blood with the objective //

of elucidating the “metabolism of copper in various conditions
of _pregnancy as compared to normal levels in the t@grd trimesfer
of pregnaqcy Maternal serum copper was determined in
206 cases of normal pregnancy and 144 cases of different
conditions including foetal ﬁrowth retardatlon, toxaenmia,
diabetes, premature labour, and postmeturit§. In cases of
foetal growth retardation, a stagistically significant decrease
in serum copper values (mean; 183.44 pg %) was observed when
compared to values found 1n normal pregnancy (mean; 261.29 pg_ $).
In\Eases of toxaemia and dlabetes hlgher than normal values
| were foun%t-whlch demonstrate a trend possibly related to ’
hepatic injury with release of copper stores into the plasma..

In cases of premature labour, umbilical cord serum copper
concentrations were lower than normal; placental copper levels
in these cases were higher (mean; 10.15 pg Cu/gm dr§ weight)
than normal (mean; 8;45 pg Cu/gm dry weight). , This may \
indicate that the placenta is retaining unbound copper for
transfer to the foetus after the 36th gestational week.

A sgignificant inverse relationship wasyfound between
maternal serum copper and hemoglobin levels. It is suggested
that the function of increased éefuloplasmin leyels in .
pregnancy, reflected by higher ceruloplasmin-bound copper
levels, may b%¥to mobilize iron from storage organs and té
maintain a supply of transferrin for transplabental transfer

¢

to the foetus as well as to 'meet an increased usage by
v
maternal hematopoietic organs. )
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: _RESUME

En vue d'exbllquer le métabolisme du cuivre pendant le
dernler trlmestre d'une grossesse normale cowparatlvement a
d'autres et avec des condltlons différentes, on a détermlné
des concentratlons de culvre dans le sérum materneI le
placenta et le sang du cordon omblilcal On a ainsi mesuré
le’ culvre dans le s&rum maternel dans 206 cas de grossesse
normale ‘et 144 cas de conditions différentes, y compris des
cas dﬁﬂretardement de croissance du foetus, de toxé&mie, de
diab&teé, d'accouchement prématuré et de post-maturité.
Dans Aes cas de retardement de croissance.du foetus, une
dimunition statistiquement significative de la quantité& de
cuivre dans le sérum (moyenne: 183.44 ng %) a &t& constatée
coﬁbarativement aux quantités en cours de grossesse normale /

(moyenne: 261.29 ug %). Dans les cas de toxémie et de

§

diabéte, on a pu observer des valeurs supérieures a3 la
normale dénotant une tendance attribuable 3 une l&sion hépatique,
avec lib&ration des ré&serves de culvre dans le plasma. Dans
le cas d'accouchement prématurég, les concentrathns de cuivre
dans le sérum du cordon ombilical &taient infé&rieures a la'
normale; les niveaux de cuivre placentaife dans ces cas
&étaient supérieurs (moyenne: 10.15 ng Cu/gm poids sec) & la
normale (moyenne: 8.45 pg Cu/gm poids sec). Ce ré&sultat
peut indiquér que le placenta retient le cuivre non 1lié& afin de
le transférer masgivement au foetus, apré@s la 36e semaine de
gestation. ”\ ‘ ! ' .

Une relation significative inverse a &té& relevée
entre le niveau de cuivre du sérum matérnel et le niveau
d'hémoglobine. On est port& & penser que l'action des
concentrations accrues ‘de c&ruloplasmine pendant la grossesse,
tel que l'indiquent. les niveaux plus &levés de '‘céruloplasmine -
cuivre 1i&, pourraient servir a mobiliger le fer provenant
des organes d'approvisionnement et 3 maintenir une quantité
de transferrine pour transfert par voie transplacentaire au
foetus et pour utlllsatlon accrue par les organes hématop01ét1ques
maternels.,
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As an undergrad?ate student at' MeGill Univers}ty,
I read a paper from the Gastrointestinal Research Laboratory
_ 'describing the effects of macromolecular compounds on the
absorption of trace elements. Subsequently I became ,
interested in the field .bf trace elementéresearch, and after
my graduation I applied for a spégiality which would deal
t with the subject. ‘I was informed 'that the only department where
| . this investigation is carried out is Experimental Surgery.
n KI consider mysélf fortunate to have been able to ﬁoin a group
specializing in this area of research. ’
‘ " Dpr. Stanley C. Skoryna, Direétor of thé Gastro-
intespinal Research Laboratory, offeéed me to work on a project
involving estimation of copggr levels in pregnancy because
of the possible significancé‘of this element\in various
complications. I found this prof&ct very stimulating.
v Oné thing I have learned as the work on this project
proceeded is that progress in research is made when actual
data become available, which determine further course of
investigation. This fg%eys_to our findings on placental
copper levels on which no literature was available. Subsequently
we were able to correlate maternal serum copper levels with
foetal levels and thus post late a possible explanation for
the maternal tfansplacental copper transfer to the foetus.

" Significant variations of maternal serum copper levels in

certain conditions of pregnancy also revealed the diagnostic
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value of these measureh?%ts. We were also able to postulate

e

a possible functional role for ceruloplasmin in pregnancy,

relating to the maintenance of sufficient iron concentrations
- i

in gestation. This area of research is specially aé%ealing
to me since copper is involved in many clinical conditions,
including .leukemias, Hodgkin's disease, and bacterial \ s
infections. ;o

I found my work in both the Donné} Building for L

Medical Research and at St. Mary's Hospital very pleasani. \//

yd

I wish to sincerely thank Drs. S. C. Skoryna, Y. Tanaka, {

/
- A. Hurlbuft, as well as Mrs. M. Fuska, Ms. A. Pawloska, agd

éther members of the laboratory staff for their constanf'
encouragement and cooperation ‘throughout thq\entire ?}oject.“

I especially wish to express my gratitude to?ﬁrLMX4/Eanaka

'for haviné taught me both fthe theorétical ané analytical
aspects of atomic aksorpti n spectrophotometry using the
he?ted graphite atomizer. Dr. A. G. Thompson, Surgeon-in-Chief
of the Montreal General Hospital and Dr. L. D. MadLeaq,
Surgeon~in-Chief of the Royal Victoria Hospital, whose seminars
in Experimental Su;déry T have attended have helped me to

learn and appreciate the numerous ongoing perects.thatdpre
carried out in their departments. Dr. F. Naftolin,

Chairman of the Departmen£ of Obstetrics and Gynec?l?gy of
McGill University whose grand rounds I have attended have
helped me to understand various clinical aspects of Obstetrics.n
Dr. J. Gordon, Director of the Division of Surgical Research .
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in th§ Donner Building and his secrétary, Ms. B. Bewick have
efficiently andfhelpfully handled the administrative

procedures related to courses. Ms. E. Kulczycka, secretary
. ‘ . } -
of the Gastrointestinal Research Laborato;y; has helped me

- t

~ with carrying out correspondence with several authors where

o |
similar research is carried out. : 1

fﬂ;lgo wish to express my gratitud% to Dr. ¢. Nucci,
Obstetrician and Gynecologist—in-Chief, and étaff members of
the Department of Obstetrics and Gynecolégy of St. Mary's
Hospital for their interest and extreme cooperation in the .
project. The Department of Pathology of §t. Mary's Hospital,

under supervision of Dr. D. S. Kahn, Q?re also extremely

cooperative and helpful in obtaining numerous specimen §

_samples.
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Finally, I wish to thanﬁ Mr. C. Hatter, medical ‘
photographer, for his excellent phbtogféphic reproductions
agcompanying this 9j:}'xesisib; case room head nurse, Mrs. L. Blouin,
who was- always w1111ng to leﬁd a helping hand in various
problems related to collectlon of séec1mens, and special
thanks is due Fo Mrs. C. Couture for having carefully
reviewed and diligently typed the final manuscript. ,

Trace el;ments in the seventies ére like vitamins
in th; thirties, Continuous further research will sureiy
reveal a greater importance of these microelements with

reference as causitivg factors of many diseases. When trace

elements became better knowﬁ; the main question asked referred
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to the effects of deficiency and toxicity. - The current’
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of variation in intake and utilization as related to

pathological. conditions. ' ¢
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INTRODUCTION

1. General Comments

As life evolved, many of the minerals present on the

earth and in the seas became ‘incorporated into biological systems,

including mammals. Some of these elements have been maintained

-

throughout the biological evolutionary course and occur in

-

living tissues in such small amounts that they were referred

to by early workers as "trace elempnts". At that time the

knowledge for measuring their concentrations with any great

accuracy did not exist, and their presence in tissues was

Al

assumed to be a result of environmental contamination.
151

Underwood has categorized 'the.trace elements into three

A

groups;l(a) those esQential for higqér animals and piants,

(b) those possibly essential, and (é) the nonessential. An
"essential" trace element, accdrdﬁng to Cotzias30, may be : '
classified as such if it méets the following criteria:

(a) all healéhy viable organisms possess thg element in all of
their tissues, (b) a constant concentration of the ele&ent is
seen\between different apimals, {c) its withdrawal from the body
induces the same structural and physiological abnormalities

regardless of the species in question, (d) the addition of the

element can prevent or reverse the observed abnormalities,’

e " (e) specific biochemical changes are always aésociate_d with the
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abnormalities, and (f) the abnormalities may be prevented or

reversed when the deficiency state of an animal with respect to
the element is alleviated. Every trace element exhibits a whole
spectrum of actions, depending upon the dose given and the

nutritional state of the animal or system in guestion.

156

Venchikov has elaborated this concept into a dose response

< . . . . : )
curve. Thé "biological action" of the element is expressed in

‘the first part of the curve, which shows an increasing biological

effect with increasing concentrations of an element until a
plateau is reached. With further increasing doses, the element

enters the "pharmacological action" phase with concomitant

’

irritation and stimulation of some biological function, and acts
as a drug independent of a deficiency state. At still higher

doses, the appearance of toxicity and perhaps death represents

i

the "toxic action" of the element. With some trace elements,

4
the margin between doses or inta&es expressing the biological
and toxic actions can be exceedingly small. For the "essential"

elements, an internal homeostatic control mechanism has been
’ Al

- /
postulated which maintains these elements within very narrow

concentration ranges obligatory for their proper functioning‘.151

The nonegsential elements differ because their levels in wvarious

tissues are solely a reflection of environmenta; contaminaéion.
The transition élement copper, atomic number 29, ig;an

"essential" trace element.. It is of wvital functional necessity

and is indispensible in maintaining cellular integrity,gérowth,

i
Y .
reproduction, and various specific physiological and biochemical

+
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processes within the animal body. Copper was one of the firét
metals known and worked upon by ancient man some 7000 to 8000
years ago. Remnants of metallurgiéal artifacts dating back to
the sixth and fifth millennia B. C. afe still being uncovered

133

today . Copper is ubigquitous in nature and may be found in

its native or elemental form as well as in the carbonate, oxide,
and most commonly sulfide form28. The word "cbpper" originates
from the Greek word Cyprus (Kyprios), which was distinguished in
ancient times by the Romans for its rich stores and mines of the
reddish-brown element. The aes cyprium (ore‘of Cyprus) was
thereafter shortened to cyprium and later again modified to .
cuprum from which the modern English name is derived28’122'133.
Cppper's physical properties have been exploited throughout the
ages by craftsmen, and its diséinctive properties of electrical
and heat conductivity, ranking second to that of gilver,
“* ductility, as well/as its toxicity for certain microbial
species are still being- profited today by industrializéd society. .
The occurrence of copper in organisms was recognized '
some 120 years agoll. After the conclusive identification of

copper in plant and animal tissues, the. shortcomings of the

analytical methodologies available at that time as well as a

failure to recognize and relate the importance of the element-

to cellular metabolism placed copper, along with the other trace
151

elements at that time, as an accidental "scientific curiousity" .
g
McHagguelo0 was the first to provide suggestive evidence of the - %
P
value of copper in the diet of rats, from studies of hemoglobin %

\ , { g
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regeneration in rats suffering from "milk anemia". In 1928,
Harf:62 finally elucidated a specific physiological role for

copper in the rat by demonstrating that it was/necessary, in
addition to iron, for hemoglobin formation. Subsequent studies
demonstrated a much wider range of copper involvement in
biological processes lin addition to its role\iﬁ hematopoiesis.
It was shown that copper played a vital role in connective
tissue metabolism, and was also associated with certain diseases
induced by diegary éopper deficiencies, such as "salt sick"
cattle in Florida, "Lechsucht" occuring in parts of Holland,

and enzootic Neonatal Ataxia in parts of Western AustralialSl.
The importance and "essentiality" 6f copper as a micronutrient

5

manifesting itself through a wide spectrum of actiong\was thus
confirmed. \ )

Copper is widely distributed in nature, and may be
found in the so0il, atmosphere, and water. Intricate soil-plant-
aniﬁal interrelations exist in copper transfer, as is true with
other trace elements. The concept that a deficiency or toxicity
state in the animal body is a reflection of the copper status of
the soil is thus an oversimplification. The amount of copper in
the sgoil is firstly influenced by the nature of the parent rocks
from which the so0il was derived. Different parent rocks contain
not only differing amounts of the trace element, but also contain
different chemical forms which confer its stabilitylSl. The mean

concentration of copper in crustal rocks has been estimated as

45 ppm. Climatic conditions can also influence copper levels
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/ in the soil. Highly leached (podzolized) soils have usually
\‘? t *
lost a significant proportion of their original mineral

content, in the case of copper by as much as 10 - 30 ppm,

and soil copper concentrétions less than 10 ppm may produce

81

wide areas of deficiency when the leaching is severe. Kubota
has shown that a wet climate soil favours the uptake of cobalt
and molybdenum by pasture plants but has no such effect upon
cépper. However, when copper is strongly bound to decaying
matter, as in muck,. its availabilitf is considerably reduced
for plant and animal uptakel33. The industrial use of soil
amendments, Suéh as\fertilizationﬁﬂirfigation, and aeration can
‘ \
coordinatively act as powerful factors in quantitatively
modifying the trace element distribution in the soil as well
as qualitatively changing their available forms for plant and’
‘animal uptake. Applications of copper to copper deficient soils
usually raise\both herbage yielés and herbage copper concentra-
tions, but the ability of most plant species to respond to such
applicafions with high copper concentrations is much less with
this element than with most other trace elementslSl. Other
factors present in the s0il, such as molybdenum and inorganic
sulfate, dre kpown to be copper antagonists in the gastro-
intestinal tract and can also modify the availability of copper
for plant uptake. As is the case with other trace elements, it
is the soil, via the plants, and not the water or atmosphere
°‘ that supplies the great part of the teotal daily intake of coppef

by animals and mant>1, i

\
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The mean concentration of copper in the upper

lithosphere has been estimated to range between 70 - 100 ppm.

143

Tabor and Warren have reported a variable distribution of

copper in the air of twenty United States cities, with Boston
suburbs containing the most (0.27 - 2.40 pg/m3) and the Southern
cities contaiging the least (0.09 pg/m3). This curious
distribution may in part be a reflection of eﬁbironmental
contamination by industry. Assuming a daily respiratory
volume of 20m3 and the calculated daily pulmonary copper intake
as 1.0 pg/m3, it can be est%pated that the average human subject~
receives approximately 20 pg of copper per day, whgch represents
a minor fraction of the ;hount ingested with. food and wa£er.

In sea water, where life originated, the concentration
of copper is of the order of 1 - 25 ppb ;nd has varied
insignificantly in geological time because of the continuous

i
precipitation occuring in sea water. 133

Fresh running river
water usually contains 1 - 7 ppb, but as a result of industrial
contamination, values as high as 50 - 100 ppb have Seen reported.
Regional and municipal water supblies range in their copper
concentration from 0.6 - 250 ppb, wifh a mean of 8.3 ppb.
However, with the advent of copper plumbing and in localities
dependent upon a supply of soft wate£ {(which eagily facilitates
the corrosion of copper), the‘concentration of copper in drinking

water may be considerably ;aised39’133t ‘
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in meadow grass, which contains copper bound in neutral or
‘their copper content, with considerable individual variations

‘copper . Crustaceans and shellfish are the richest
2

/being found in the outer layers and germ . 'Wheat flour

2., The Copper Content of Foods .

Theé knowledge concerning the content and fo%m of
trace elements in foods, including copper,_remaiys partial and
incomplete, particularly for those elements thgé have only
recently been classified as "essential®. Generally, foods of.
animal origin represent a far better sourée than plant foods
because the concentration of copper is higher4than in the edible

-

portion of plants. The amount of the metal ingested with meats

tends to be made greater.118

It is probable that copper in foods

is bound in biological compléxes which can rearrange themselves

and subsequently affect the ava;lability aﬁd absorptioq of the

metal in the gastrointestinal tract. This was shown to be true
151

anionic complexes . -

The different classes of human foods vary greatly i?

occuring within particular food items. Tissues rich in )
. N

phospholipids contain especially ﬁigh concentrations of/
133,151 .

4

/

sources of copper, with organ meats, nuts, dried legumes,

dried vine,,énd cocoa following. Dairy products contain the

l%ast amount of copper, rarely more than 0.5 ppm118'151‘

3

Cereal refinement provides an excellent example of the

civilized modification of the soil-plant-animal cycle. Copper
\\

*

is/hnevenly distributed in wheat grain,‘with the highest proportion
} 1
118
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technology reméves these portions/ by a 72% extraction procedure

4

in the manufacture of white flour, which results in a significant

i

' decrease in copper content (from 5.3 ppm to 1.7 ppm). Contamina-

‘tion with adventitious copper during processing, storage,
. - "t
treatment with copper fungicides as well.as the domestic treat-
v \
| ment of foods all contribute to moﬂify the copper transfer from

the soil to final animal ingestionlSI.

3. Biological Mode of Action of Copper

As is the case with most other trace elements, copper

in the body serves host to a variety of functions, depending

upon its chemical form or combination and its‘location in the

body tissues and fluids. To méintain the structural‘integrity

of the tissues, the functional form of copper as well as its
specific concehtration within the body must be carefully

regulated and kept well within specific narrow limits.

Primarily, copper functions as a cataiyst,in various intracellular
and extracellulaf enzyme systems in tissue. cells. As Green SQated,

"enzymic catalysis is the only rational explanation of how a

-

trace of some substance can produce profound biolqgic effects".52

According to Frieden, - the importance of copper in living

!

orgahisﬁs is more profeund than of other trace elements since
-

"no metal ion surpasses copper salts in their versatility as
* I

48

catalysts for an impressive variety of reactions". Of the

four known electron transfer oxidases, which catalyze the

N

reduction of molecular oxygen to water in the respiratory

@ \

chain, all atre copper containing enzymes. -Since no other

1
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alternative pathway exists by'which the cell can catalytdically
reduce molecular oxygen to water, the uniqueness and importance
of copper in biclwgical systems is thus maintained133. The
catalytic effects of' copper in enzyme systems ranges from weak
ionic strength effects to highly spec%fic associations with
enzymes, the metallo-enzymes, where there is a specified fixed-
nurber of metal atoms attached in a highly specific manner to

a protein molecu%e. The significéﬁce of the high degree of
metél-enzyme‘specificity in the metallo-enzymes is in the
enhancement of the enzymatic catalytic activity. Substituti;ns
for tpe'naturally occuring metal may be ach;eved by dialysis
against é chelating agent, but fuil activity cannot be
reachieved due to the partial denaturation that results from

a

the temporary absence of the stabilizing effects of the

metallls’lsl.

Harper61 has summarized the proposed mechanisms
by which trace elements, including copper, exert their effect

in enzyme systems: (a) by direct participation in catalysis,

(b) .in combination with substrate to form a metal-substrate
complex upon which the en;yme acts, (c) the formation of a
metgllo-enzyme that binds substrates in an enzyme-metal-substrate
(or enzyme-metal-coenzyme=substrate) ébmplex (d) the combination
of a.metal with 'a reaction product to alter equilibrium, and ,
(e) the mainténance of quaternary sﬁructure.

Copper exists in three valence statesl33. The

1

tetrahedral form (Copper I: Cuprdus) possesses a high

affinity for sulfur and ni%rogen ligands and can only exist

A
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in water solution in a complex bound form. Copper II (Cupric)

usually forms planar, less stable chelates with nitrogen and

/
oxygen ligands. Copper III most probably does not oécur in

the natural state. The copper present in the oxygen carrying
enzymes, or'in metallo-enzymes which directiy Yeact with molecular .
aoxygen, is in the cuprous state. In the other oxidases, suéh |
as phenolases, the copper appears in the cupric form. A great
number of copper containing enzymes, many of which were found

to possess oxidative functions, have been isolated from living
tissues.’ Tyrosinase, laccase, ascorbic acid oxidase, cytochrome
oxidase, uricase, monoamine oxidase, J amino-levulinic acid
dehydrasg, ceruloplasmin, and dopamine-B-hydxoxylase were
identified as copper containing enzymes. The manifestations

of copper deficiency.- in animals were shown to be related to

1

decreased tissue concentrations of certain of these enzymes,

thus revealing the underlying biochemical defectslsl. o

3
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COPPER METABOLISM

A

£y v

The physicochemigal properties ofrcopper are such that

. . . : . ™ . -
ree ionic copper is almost nonexistant, or occurs only in -
egligible amounts in the human body. Since ionic copper has

great affinity for organic substances, it readily forms

‘tightly bound complexes with proteins, purines, pyrimidines,

nucleotides, DNA, RﬁA, amino acids, and with a variety of

other organic substancesso’IZB. The.existance of most of the

! L.

body copper is thus in the form of these)organic complexes.

}

A !

i N
An exception is the stomach, where a relatively low and constant :

pH allows the dissolution of free copper ionslzz.

1. Gastrointestinal Absorption

A) Absorptive Mechanisms

The daily adult dietary requirements for copper in

human subjects has been estimated to range between 2 to 5 mgl7’20’58.

2,14,75

Several authors have demonstrated that the oral and.

intravenous administration of a single dose of radiocactive cu®?

~

results in an initial rapid fall of plasma activity, which is
thereafter followed by a significant and sustained rise in total
Plasma activity (figure 1). The initial rise that occurs during

‘the first few hours after administration represents the exclusive

64

binding pf Cu to plasma albumin, the "direct" reacting fraction

f
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of plasma copper.” The secondary rise of activity can be accounted "
// L4
for by the incorporation of Cusb into the e 2 globulin plasma §
i

protein, ceruloplasminzm These experiments, in part, demonstrate i%
%

g

that ingested copper is rapidly absorbed following its oral

administration.and that the absorption site for copper must

therefore lie in the upper alimentary tract, probably in the
duodenum in man.]j49 Ingested copper is absorbed mainly from the

stomach and upper jejunum by at least two mechanismsl3. One,

S B

Py

an energy dependent process, is facilitataiby amino acids and

==

probably represents the aB%brption of copper compiexes of amino

o et

acids. Since copper ions have a high affinity for organic

R ¢

ligands, small stable complexes are formed which are superior
for absorption than if copper cations were alone available for
absorption. In the case of 'single amino acids as ligands, the

rate of copper absorption depends upon the type of amino acid,

151

its configuration, and the degree of polymerization. The

importance of this energy dependent mechanism for absorbing

organic complexes was shown by'Davis35 who demonstrated that

phytate can reduce the assimilation of this element. Other {%

154

&
authors showed that a diet high in ascorbic acid significﬁﬁkly

64 absorption when the acid was placed into a ligated

depressed Cu
segment of the’rat's intestine along with the radiocopper. The

second absorptive mechanism accounts for a much greater percentage
of copper absorption and is associated with two protein fractiéns
in the intestinal mmwe®lsa. One of these proteins that copper bin§s

with has recently been identified as the copper enzyme, suﬁeroxide

A
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dismutasells.\ Superoxide dismutases are potentially toxic

. copper conta&ning proteiné that have already been iso®zted from

o

" erythrocytes (erythrocuprein), brain (cerebrocuprein), and liver
o\ ‘

(pepatocuprein).\ It was in 1969 that all were shown to be :

’ 16

identical substances. The function of the dismutase is in the

conversion of superoxide free radical anions into oxygen -and

£ L
hydrogen peroxide as fpllows:99

- - -~
2H + O2 - O2 - 02 + H202\
o .
The second of thege protedns involved in copper absorption

/

is rich in sulfhydryl groups and possesses similiar characteristics
- [ -

to the protein metallothionein. The postulated function of this
. SN
yet unnamed protein is to provide binding sites for copper absorbed

o

from the gut lumen which is then slowly éeleased into the plasma

for transport4l. l \

>

B) Factors Interfering With.-Copper Absorption .

(3;e absorption and retention of ingested copper is

~

markedly affected by the chemical structure in which the metal

. '

is ingested, by the dietary levels of several other minerals and
organic substanceé; and by the acidity of the intestinal gdntents
in the absorptive areat®!. Transition élementsnsﬁch as cadmium,
_ mercury, silver, and ;ind/appear to, compete for copﬁér binding
sites on the iﬁtestinal mucaosa or on the "metallothionein;
protein. The diversity bf the physioiogical responses and

interactions manjfested by these four chemically similiar

trangition elements is surprising and is inexplicable at the
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ferrous sulfide results in the formation of an insoluble and
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present time.

High dietary levels of cadmium were found to

reorganize and change the distribution of copper in tissues in
' A\

153

addition to severly depressing copper absorption . The relation-

ship of silver and ingested mercury to copper metabolism still
remains to be cleared. Hill68 observed that silver tended to
. \ { °

augment the effects of copper defiéiency in chicks whereas mercury

had an adverse effect on copper adequate chicks.
153

On the other

hand, Van Campen

found that silver had very little effect on
64 )

the Cu ® uptake from the intestine of the rat while mercury

produced a moderate, but not statistically significant lowering

3
64 uptake. Other dietary ingredients present in the!

of Cu
gastrointestinal tract, such as calcium carbonate, ferrous sulfide,
and particularly molybdenum and the sulfate radical also alter

the availability and utilization of copper for absorption.w High

dietary levels of calcium carbonate severélywinhibit the absoxrp-
tion of copper in the intestine, presumably due to the raising

of the pH on the absorptive surface. An increase in dietary

nonabsorbable copper sulfide which is not suited for intestinal

«

absorption37. In the case of molybéenum and the sulfate radical,
it was shown that éopper retention was dependent upon the
molybdenum status of the diet, and the limiﬁing effects of
molybdenum was in turn dependent upon the iﬁ%rganic sulfate

status of the diet and @f the animal38.

. 37 Y :
Dick believes that at
least in sheep, both inorganic sulfate and molybdenum reduce

copper retention by diminishing the absorption of ingested




copper and by increasing the urinary excretion of absorbed and |
| .

stored\copper, due in each cgse to interferepce with the membrane
transport of copper. . 4%

Thus, the absorptioﬁ'of copper in the gastrointestinal
t?act is by no means a simple phenomenon bt one which involves
the intricate interplay of severaI'mechanisﬁs. The concomitant
presence of organic and minéfal substances in the gut lumen can
markedly alter the availability of copper for both absorption
and retention by exhibiting severe and reciprocal antagonism
with copper. These include cadmium, meréury,\silver, zinc,

molybdenum, inorganic sulfate, and calcium carbonate.

s

2. Copper Distribution In Blood

In normal human subjects, orally administered

copper is better absorbed than in most species studied. Of
the 2 to 5 mg ‘of copper ingested daily, 0.6 to. 1.6 mg, oOr

‘about 32% is absorbed21. The copper absorbed from the integtinal

mucosa enters the bloodstream and reaches the tissues and the
liver by way of the portal vein. The copper present in blood is
found in several different forms in both plasma and erythro-

58yBSv

cytes -As yet there is no data concerning the copper

content of leucocytes or platelets. Copper in plasma is

' d l
present in two distinct forms, one firmly and one loosely

bound. The firmly bound copper consists of the o 2 globulin
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copper protein, ceruloplasmin. * ' ‘

A) Ceruloplasmin - Bound Copper

Ceruloplasmin is the major copper containing

glycoprotein in plasma. It was first isolated by Holmberg ¢

and Laurell in 1948 who érystallized, purified, and characterized
this compound. Some of the characteristics of ceruloplasmin
known to date are summarized in Table 1. As the name suggests,
ceruloplasmin is deep bl?ﬁ in appearance, It contains hexosa-
mine, hgxobe, neuraminic acid ; has a molecular*weight of

13

‘ \
151,000, and contains approximately 0.3% copper, which corresponds

to eight atoms of copper present as four cuprous-cupric pairs

pex molecu1e79. Since its initial identification, ceruloplasmin
has been subjected to a great deal of intensive research. But as

Holmberg states, "although much has been learned about its

N

N
structure_and the factors regulating ‘its concentration in the

blood, its true role in the body's economy remains as mysterious

70 mhe initial finding of Holmberg and Laurell that

as ever".
ceruloélabmin is the only oxidase in human plasma has since

been confirmed by the finding of a comélete lack of oxidase
activity in plasma void of cerulopl®Smin, demonstrated b§ the
c&mpleée lack of ox}dase activity towards its preferred substraté;
paraphenylenediapine. Ceruloplasmin's oxidase activity in plasma
is not specific for only pﬁraphénylenediamine. It also

exhribits oxidase activity towards certain polyphenols and
polyamines, such as benzidine, dihydroxyphgnylalanine (DOPA) ,

serotonin and epinephrine72’73’87. The copper-protein bonds
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Table 1

1) SOURCE: HUMAN PLASMA
2) MOLECULAR WEIGHT: 151,000 ‘
-12
3)  SEDIMENTATION CONSTANT: 7.29 (S, W x 107 )
4) DIFFUSION CONSTANT: 4.5 (Dgo W x 10 cm%/sec)
5)  ISOELECTRIC POINT: 4.4 , )
!
6) ' ELECTROPHORETIC MOBILITY: pen?/volt-sec. x 1073 M
] ! -3.46 7.0
-5.32 8.6
£ 1
7 COPPER CONTENT: 0. 348
8) COLOUR: BLUE
9)  ABSORPTION SPECTRUM; g é
5.50 - . 280
10) ENZYMATIC ACTIVITY: DEMONSTRATED T ‘
11) COPPER REMOVED FROM PROTEIN BY: oH CYANIDE e
\ 3.0 YES NO
12) REVERSIBILITY OF COPPER PROTEIN BOND;  DEMONSTRATED
13)  IMMUNOCHEMICAL SPECIEJITI:  DEMONSTRATED
14) UNKNOWN

PHYSIOLOGICAL ROLE:

i

~
N
N

Some physical and chemical properties of

ceruloplasmin . (compiled from Scheinberg

128)




of ceruloplasmin are reversible, at least in vitro, if the

v
copper is first reduced by ascorbic acid to give a white, copper-
N

. i
free protein apoceruloplasminlzs. Ceruloplasmin can once

again be formed by treating apoceruloplasmin with cuprous ions in
the presence of ascorbate. The experiments which first illustrated
the reversibility of the copper-protein bond in cerulopiasmin

also indicated that out of the eight copper atoms present in each

ceruloplasmin molecule, four appeared to be more readily exchange-

126

able than the remaining four. This was further confirmed by

demonstrating that in ceruloplasmin subjected to chymotrypsin
digestion, only one-half of the protein bound copper could be
dialyzed;33 Preliminary acid-base titrations and electrophoretic

analytical stuQies on ceruloplasmin and apoceruloplasmin

i

suggested that each copper atom may be bound to two negatively

~

charged carboxyl groups in the intact protein, and that the

firm copper-protein linkage could be regarded as the coordinatfon_

of copper with four groups on parallel polypeptide chainslzs.

All normal individuals studied were shown to posse&s at least

two ceruloplasmins, which have been distinguished chromato-

graphically and electrophorqfically104. The relevance of

ceruloplasmins chemical hete;égeneity is'sti}l unclear, and. ~

it has not yet been shown that this heterogeneity is genetically

A

determined, as is the heterogeneity of hemoglobin, albumin,
haptoglobin, and transferrin.104
Although the physiological role of ceruloplasmin

has not been elucidated, several proposals as to its function




!

in vivo have been forwarded. As previously mentioned,

ceruloplasmin exhibits weak oxidase activity for a number
of polyphenols as well as such physiological substrates as

!

adrenalin, DOPA, and seratonin. However, the slow rate of
their oxidatio; by ceruloplasmin and the pH at which these
o;idations occur has no\physiological significance34. Ih Qitro,
ceruloplasmin has been shown to accept electrons in the respir-
ratory chain. This finding however, appears difficult to relate
to the in vivo éondition where it is not- plausible that an
extracellular enzyme like ceruloplasmin. could be of value to the
intracellular mitochondrial enzymes for Fhe purpose of respira-
tignlo. The inability of ceruloplasmin to exchange copper in
vivo wouldAseem to limit its usefulness as a transporé protein
for the metal, unless it functioned as a carrier of a copper
containing prosthetic group which would serve as an oxygen
activating unit for cytochrome C oxidaseg. \Perhaps the most ®
widely accepted suggestion that has so far been proposed as to
the possible in vivo role of ceruloplasmin pertains to the;
mobilization of body iron storgs49. The function of ceruloplasmin
in iron metabolism suggested Es as follows. Iron is stored
within the protein shell of ferritin in the form of a ferric
kalt. The mobilizgtion of iron from the protein shell to the
tissues and bone marrow requires aA initial reduction of iron
to the ferrous state, which allows it to detach itse}f and

/

leave the ferritin molecule. The detached ferrous cation is

subsequently reoxidized to the ferric state in order to attach

-

A

ot
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itself to plasma transferrin for transport to the bone marrow,
where hematopoiesis occurs. Cerulaplasmin, or ferroxidase as

it is commonly called, has been pqétulateq as the enzyme required
for the ﬁsoxidation step of fefrous to ferric iron in the

plasma. 17 support, of this hypothesis, it was! shown that a

link exists between experimentally induced copper deficiency

and the concomitant hypochrom%g anemia producedgs. Osaki and
Johnsonlll
by showing that livers of dogs and rats gerfused with cerulo-
plasmin released a considerable quantity of body iron stores.
Evans and Abraham’> recently observed that hemoglobin and
ceruloplasmin levels in the blood parallel one another‘during
copper deprivation and repletion in the growing rat, which
indicates a relationship of copper metabolism and iron avail-
ability. &ontrary to this theory, evidence exists that the
normal plasma concentration of ceruloplasmin may be too large
to exert any regulatory influ;nce on iron mobilizationllg.
Impairment in iron mobilization and utilisation could only occﬁr
at such low plasma ceruloglaSmin concentrations as could only be
manifested in extreme cases of copper deficiency. The theory

is also incompatible yith the observation that during the early
postnatal period, liver iron stores are mobilized while there is
still very little ceruloplasmin in the neonates plasmago. Thus
the role of céiuloplasmin in metabolism still remains unresolved

and Broman9 has summed up ceruloplasmin's position as "just an

ineffective oxidase in the wrong place, lacking a suitable

e &

also support this view on the, function of ceruloplasmin

|
s
!
;
i
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substrate”. - \ ;

B) "Direct-Reacting" Plasma Albumin Copper

The plasma copper not related to ceruloplasmin
accounts for a small, yet important fraction of total blood copper

and is commonly referred to as "direct-reacting" copper. It will

react directly with dieth&ldithiocarbamate, is nondialyzable,

and is loosely bound to protein, probably plasma albumin7'151’160,

Both sexes possess an equivalent plasma concentration of the
v \ ’

"direct~-reacting" pool of copper. Although this albumin bound

copper accounts for approximately seven percent of the total

plasma copper, its importance should not be overlooked sfince it

is believed to constitutg the true transport form of copper.151

Studies utilising radloactlve Cu64

following the ingestion of Cu64

have demonstrated that
, there is a rapid increase in

plasma radioactivity which is then followed by a sharp and rapid

2,14,75

Bearn anh Kunkel2 have observed that

64

fall of activity.
during the early postingestive stages Cu = was boupd exclusively
to plasma albumin, giving support to the fact that thé true
immediate transport form of cigfer was not the large ceruloplasmin
fraction but the smaller plasma albumin pool. The secondary

rise of plasma activity was that due to the increasing appearance
af radiocactive copper in the newa synthesized ceruloplasmin that
had been discharged from the liver. Thus, the loosely bound
cupric ions passing the intestinal mucosa become incorporated into
the "direct-reacting" pool of copper, which rapidly comes to

equilibrium with tissue copper. That ceruloplasmin does not
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fulfill an analogous role to that of transferrin in the

transport of the metal was further shown by Sternliebl41, who
demonstréted that in living organisms the- exchange between
ceruloplasmin bound copper ;qd ionic copper did not occur.
Coppér is tightly incorporated into ceruloplasmin only when the
apoceruloplasmin pfotein is formed in the hebatic microsomes
and is releas;d from ceruloplasmin only when the protein is
dégraded. ' \

C) Plasma Amino Acid Copper

Recently, a third fraciton of plasma copper in .

equilibrium with the "direct" albumin bound copper was shown
©

to exist106. This fraction compares small even with the

albumin-bound fraction -and the copper in it appears to be com-
9] .
plexed with amino acids. However, by virtue of its small molecu-

lar size, it has been proposed thft it may have an important
function in the transport of copper through cellular membranes.
Of the amino acids present in human blood, histidine most effec-
éively competes with albumin for the binding of copper. This

evidence led to the suggestion that the true transport form of

\

copper may be a complex formed by two different amino acids and
one atom of copper, but as yet such a complex or complexes have

not been isolated nor chemically characteriged. In model

106

experiments of Neumann and Sass-Kortsak with dialyzing

membranes, it was shown that when albumin was present on both

64

sides of a membrane and Cu wa$ added to one side, the presence

of amino acids greatly facilitates the transfer. of copper through

»

)

\ "
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the membrane. However, there stiil remains a great deal to bé
learned about the actual transport mechanisms of copper from
the blood to tissue cells and thereafter %h;ough the plasma
membrane into the cells. Whether amino’acid copper coniplexes

act as carriers faciliéating the transport of copper to the

cell membrane where high affinity acceptor sites bind the copper,
or whether the amino acid copper complex is actually transported
\Eifough the membrane remains to be resolved.

D) Erythrocyte Copper

H

| The copper in whole blood not accounted for by’ the

84

plasma is\found in the erythrocytes. The amount of copper in

the individual human red blood cell has been estimated as

65 £ 10.8 and the amount of copper contained in 100

51

rpug,

ml of packed erythrocytes has been estimated as 89 pg.l

A nearly colourless copper protein, erythrocuprein (superoxide

dismutase), has‘been isolated from human erythrocytesgs.

Superoxide dismutase has a molecular weight of 31;000, contains

L
3.4 png Cu/mg protein, and accounts for approximately 60 percent
!

151

of the total red cell copper . This enzyme, which also occurs

in the brain and liver, has the unique function of protecting
N f &
cells from the injurious effects of the superoxide radical,

‘which inhibits cytochrome C oxidase in the electron transport
systemgg. The mean erythrocuprein concentration has been
estimated as 16 (10 ~ 22) mg per 100 ml of packed red blood
cells and there is no existent -human gexldifference in its

concgntration. Erythrocuprein remains extremely stable and

1
!
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constant under a variety of conditions, even in patients with
hypocupremia’ or hypercupremia. Unlike the ceruloplasmin

concentration, normal erythrocuprein values have been observed

in pregnant women.zz’ 134

’ The second component 0f erythrocytic copper is
|

considerably more labile than erythrocuprein and is believed

to be loosely bound to amino acid complexes or as yet unidentified

13, 151

proteins . It ié believed that this freely dialyzable

minute portion is in diffusion - equilibrium with plasma
albumin bound copper and amino acid copper complexes, which in

¥

turn provide the copper that becomes tightly bound into
erythrocupreinls. The erythrocyte copper conceptrations are
not influenced by the total plasma copper or ceruloplasmin
concentrations. In humans, as well as in other animal species,
the concentration of copper is higher in plasma than it is in
the erythrocyteslls"zz" Plasma copper, being more labile than

corpuscular copper, is thus a more sensitive and reliable indi-

‘cator of the-.copper status of an animal than is the wholk blood

%
- ~

copper. e

E) Sex Differences

There exists a sex difference between both the serum
ceruloplasmin and serum copper concentrations-in humans; as
seen in Table 2: normal men having 31 mg ceruloplasmin/100 ml
serum and women 36 mg ceruloplasmin/100 ml serum. The am?unt
of copper in the ceruloplasmin fraction can be calculated
since the copper content of cer&loplasmin is known to be

i

e s S——r
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‘ i 3.2 ng/mg of protein.69 The mean value qf ceruloplaémin for'
‘ both sexes, determined—as 33 mg per 100 ml serum, multiplied
f by the copper content of\beruloplasmin (3.2 pg/mg protein),
yields a value of 106 ug/100 ml serum. Thus approximately
- 93 percent &f the copper in serum is bound to the ceruloplasmin
enzyme. The distribution of copper in the serum and in the
J erythrocytes is represeﬁted in figqre 2. Studies have also shown
b, that a high correlation exists between the concentration of
ceruloplasmin present and the level of copper in the serum of
healthy human subjects (fi&ure 3)129. In effect, the serum
' ,(copper concentration is interchangeable to its ceruloplasmin
concentration in that both serum copper and ceruloplasmin always
vary\in thé same direction and either is a’good index of the

other. l

-

F) Factors Affecting Serum Copper Levels

The normal range of copper concentrations in the blood
of normal healthy animals is of similiar magnitude in all

' higher animals, lying in the range of 0.5 - 1.5 pg/mlB' 151.

Variations within species can be accounted for more by individual

differences than by diurnal variations. Although in man there

| - \ N

appeared to be no cyclic serum copper variations, recent findings
by Henkin65 indicate that there is a circadian variation in

the total serum copper coﬂcentration at different intervals in

a twenty-four hour peri&&, the‘serum copper concentration being
ol significantly highen\r than the mean from 10:00-A.M. to 2:00 P.M.

Serum ceruloplasmin concentrations showed a similar but less

\
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Normal Values

Determination SI‘:I& e::s Mean I?ifn?ts

I

g L

—_
— ittt

" Serum copper (ug./100 nil.)
‘Men.................| 135 | 109 | 81-137
Women....¢ . .......| 100 120 | 87-153

Total..................| 235 114 | 81-147

i \
t

' - ‘ "+ Direct - reéctinx copper
(ug./100 mL).........| - 30 7 | 020
A Ceruioplasmin (mg./100 ' :
! ml, ‘ i
- Men............... 15 31 | 25-37 :

Women............ 15 36 | 2547 *~ |

|

Total 30 33 | 2543 t

Table 2 Total serum copper, direct-reacting copper, and

ceruloplasmin.concentrations in normal subjects.
3

(after Cartwright et a&zo)
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D-R Cu, direct reacting fraction of copper: E Cu,
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marked cdrcadian pattern of variation, while urinary excretions

r

‘of copper showed no obvious circadian variation patte;n.
Physical'exertion, fasting, and the time perioq following meals
do not affect the serum copper concentrations.18 In most species,
there are no significant differencés in the concentrations of
copper in whole blood and serum, ﬁut serum copper is higher in
hupan females than in males. Several investigators have reported
normal non-pregnant female]éérum copper concentrations to range
between 1.14 pg Cu/ml serum to 1.24 pg Cu/ml seruﬁ.18,26,60,107

No confirmative explanation for this sex differente has been

advanced. 5
The metabolism of copper is altered iq a wide variety

of clinical conditions in man, most of which are associated with
128

»

7 §
changes in the concentration of*copper in the blood.

Bacterial infections, myocardial infarction, neurologic disorders,

various anemias, hyperthroidism, portal cirrhosis, pellagra,
§

chronic alcoholism, Hodgkin's disease, acute and chronic

leukemia, and lymghgﬁas are all associated Jiqnua marked and .
significant rise in the ceruloplasmin and serum copper concen-
tration (Table 3). Perhaps the most.;triking observatichni%\

the rise in ceruloplasmin concentrations duriﬂg pregnancy ;nd

after the administration of oralocontracepti%esn to be discussed
“later. Xs yet the etiological significance of these increases
can only be speculated upon. Fiﬁdings that Salmonglla gallingrum
aé well as other stressors, including ACTH and hydrocortisone,

produced a sixfold increase in ceruloplasmin activity in
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to conclude that any stress,

or any situation resulting in increaéed corticosteroid
levels could increase ceruloplasmin concentrations. The value

of these increases lies in the fact that théy may be used as

secondary aids along with other diagnostic data in the diagnosis

of disease. A °

Hypocupremia in human beings is associated with man&
naturally occuring clinical disorders. The concomitant
hypocupremia observed in cases of iron deficiency, hypoproteinenmia,

kwashiorkor, tropical sprue, non-tropical sprue, nephrosis,‘
! . |

celiac disease, cystic fibrosis, and in Wilson's disease

(hepatolenticular degéneration) may result from several different
mechanisms (Table 4)23. The inability to synthesiée cerulo-
plasmin at a normal rate, 1ow)dietary copper ingakes, poor

and inadequate.intestinal and/or cellular absorption, and
increased excretion reshlting in an excessive loss of

ceruloplasmin from the body may all result in the lowering of

_serum copper concentrations. 1In Wilson's disease, which is

\ N

an autosomal recessive genetic disoggsr of copper metabolism,
the low serum copper levels are highly ‘positively correlated
wit£ low ceruloplasmin concehtrationslg.- Levels of urinary
copper as high as 1500 pg daily may be r?ached|concomitant
with increased copper depoi}tion in the tissues. If not
treated, the disease may eventually lead to hémglytic

jaundice, cirrhosis, and other manifestations of chronic ¢opper

toxiéitg. ‘It is interesting to ndte that in the newborn

-

A\ 4

W
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and in patients homozygous or heterozygous for the Wilson's

disease gene, the hypocupremia is due to a specific inability
\

to synthesize apoceruloplasmin at a normal rate and is not a

result of an inadequate supply of copper. 1In all of the other

conditions listed,. the hypocupremia is associated with hypo-

proteinemia, resulting in a considerabie loss of proteins

in addition to the loss of ceruloplasmin from the body.

N

3. Copper Distribution in the Body

\

Plasma albumin bound copper is widely distributed

to the tissues and also receives copper from the tissues. ‘It
also readily exchanges copper with the loosely bound labile
copper fraction of erythrocytesls. As mentioned previously,

the actual copper transport ﬁechanisms through the cellular
plasma membrane, whether they cénsist of the penetration of amino
acid copper bound complexes through the membrane, or whether

the amino acid copper bound complexes bind to high affinity

cellular acceptor sites is not yet known.

A) Hepatic Copper

The copper reaching the key organ in its metabolism,

the liver, is incorporated into the mitochondria, microsomes,
2

nuclei, and the cytoplasm of parenchymal cells in a proportion

that is ‘a fuﬁctién of age, strain, the copper. status of the

anima157’l°2. In healthyehuman subjects, the majority of

\

liver copper is localized within the acid phosphatase rich ‘

\

pericanilicular lysosomes. Of approximately 24 pg of




' ' - 33 -
|
/
!
i _ Nosof Whole Blood Plasma Plasma
Condition Subjects  Cu(ug/¥) cu(.g/%) re(.g/%)
/ Normel 63 98413 109217 115842
. " Infection 37 LI . 167 57
- »
’ Aocute
, Leukenia 19 195 236 171
’ Chronio ‘
: Leukemia 2X . 1I9 I48 113
[
i " Hodgkin's - ,
Disease Ik 42 171 78 '
\ ' /
Pernicious :
“|  Anemia 10 111 121 173 ;
N { R
' Iron ( ?
® Deficlienoy
Anemia 9 I1h iBZ 26
Wilson's
Diseass 3 79 11 64
Nephrosis 3 70 80 62 ,
|

\
)

= \

Table 3 Whole blood and plasma copper concentrations in

/various clinical conditions in man (adapted from

mUnderwoodlSl).




Defectin| Lo Lo Loss of
ect in wh w Ceruloplasmin
N Apocerulo-| Dietary | Dietary ‘{);creats'ed in‘t)o
Condition plasmin Intake Intake |- s?ré) fon
Synthesis of Cu of Protein ot tu .
Urine . Bowel
Newborn L. X
Wilson's disease’ Lo X
Wilson's disease heterozygotes X .
Protein-losing enteropathy ... X
Nephrotic syndrome . X ?
Tropical sprue ? ?
Nontropical sprue: ? ?
Celiac disease ? ?
Cystic fibrosis . X ?
Kiwashiorkor . . ? Y X ?
Hypocupremia in infants* N v X o
* With hypoproteinemia, edema and iron deficiency anemia.
A ! — [ [ e e e U
i
Table 4 Mechanisms for the production of h}fpocupremia .
. . . . . 23
in various diseases in man. (after Cartwright™")
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copper in a gram of dry adult liver, a great deal is assumed
to be "storage" copper. It has not yet been resolved whether

this copper exists in combination with %roteins or other hepatic

) 127

constituents . The liver also contains a relatively rich

supply of the copper containing enzyme, cytochrome C oxidase,

which also accounts for a fraction of the organs copper. A

»

third distinguishable fraction of hepatic copper exists in

the form of copper bound proteins, which have been isolated

' . 118 ‘ . . .
from many species . In copper loading experiments in

rats, hepatic copper distribution differed from the controls,
M o

with the mitochondria and nuclei holding most of the excess

copper while the microsomes and cytoplasm accumulated the

metal to a much lesser extentgl. In normal adult rat liver,

L4 i

- 64.3% of the total copper was found in the soluble fraction,

8.2% and 5.0% in the mitochondrial and microsomal fractions
respectively, and 20.3% was localized in the fraction
containing the nuclei andcell residue. 1In all, about 10%

of the total copper of the humgn body is present in the

\

liver. ‘

B) Copper Constitution of Other Organs —

3
The average normal 70 kg aduly man is believed to

contain between 100 - 150 mg copper in his body.25 The
distribution of total body copper amongst the tissues varies
with the species, age, and copper status of the organism. The

most comprehensive and complete study on the Eopper content
\ ' 50

of human tissues was done by Tipton and Cook?! , by the
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‘the brain, contains a surprisingly high amount of copper, \

"been reported . The copper is associated particularly

quantitative evission gpectrographic analysis of 24 trace’
elements in 29 human organs (Table 5). Tissues were obtained

from 150 adults from various parts of the United States who

died a violent death and were free from disease. As can be

seen from Table 5, the liver, brain, heart muscle, and ki@ney have
in decreasing order the_pighest concentratioq of copper.

Skeletal muscle has a comparitively low copper content per

.unit body weight. Nevertheless, because of its large mass,

strjated muscle as a total body ‘compartment contains approxi-
mgéely one third, or more than any other tissue of the to?al

body copper. The same situation is applicable to bone (vertebra),
which cont;ins only 5 ng Cu/g ash. However, because of its
extensive bulky mass, together with muscle it accounts for more
than half of the total body copper contentlls. The human brain -

contains a variable amount of copper in different anatomical

regions. The locus coeruleus, a small blue colored area in

107 - 404 pg/gm dry wei?ht. Gray matter also contains a

h&gh copper content. White matter, which was previously thought
to be copper lacking was/conclusively shown by novel and more
sensitive histoghemicalymethods to contain copper40. Exgceedingly
high concentrations of cépper, Fhé significance of which is

not clear, occur in the pigmented parts of the eye, especially

in the iris where levels as hiéh as 105 ppm (dry basis) have ;

145

with the melanins, and is largely bound in ionic form to
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protein. Relatively high copper concentrations of 15 - 30

ppm are also found in the enamel of human teeth, with no
significagt differences bging observed in the inner and
outer layers pf enamel.151 Other studies have also shown a
§imilar copper distribution amongst the organs, with liver,
brain, kidneys, heart, and hair containing relatively high
copper, concentrations; the spleen, pancreas, muscle, skin,
and bones containing an intermediary amount of copper; and
the glands (prostate, pituitary, thyroid, and thymus) as

being organs of low copper content32'136.

On the basis of this data, a lower whole body copper
concentration of 75 mq}(range: 50 - 120 mg) was estimated
by Tipton and Cboklso. The mean concentration of copper in
the adult human body was estimated as 1.25 prg/gm fat freel
tissue (range: 0.83 - 2.0 pg/gm), and these figures are
also lower than thé previous determinations of 1.5 - 2.5
Bpg Cu/gm fat free tissue reported by Widdowsonlsg. The
etiology and significance of the hiéh copper concentrations
occuring in certain tissues resides in the Eact that copper
in tissues is ingariably associated with a vast array of
specific intracellular and extracellulai proteins which play
é role indispensible for life. Since copper exists in an
integral\relationship with these protéins, tissues containing

large amounts of these proteins will obviously contain a

higher copper concentration.
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4. Excretion of Copper . .

A) Biliary Copper -

The main route of copper excretion is via the

biliary tract to the faeées.152

Presumably both ionic copper

and copper complexed to élbumin and amino acids are responsible
for the copper incorporation into hepatic parenchymal cells.
Within the cells, the absorbed copper is complexed with a specific
sulfhydryl rich ﬁétallothionein protein which is believed to
serve as a tempora#y storage form of copper until it enters the
hepatic lyscsomes. In the lysosomes, copper is incorporated
into the biosynthesis of ceruloplasmin and other copper
containing‘enzymes, or it is excreted into the bile in associa-

13,118 !

tion with the bile salt, taurochenodéoxycholate. These

lysosomes, along with the mitochondria, contain 20% of the

e gut

intrahepatic copper and are responsible for much of the copper
that is excreted in the biliary tract. The copper excreted in
. [

the bile is primarily bound to protein macromolecules, bile

salts, and a fraction is excreted as copper amino acid complexes.

DTN e OGRS (3

Because of the large size of the macromolecular copper complexes,

" and since the enterohepatic circulation of copper is minimal,
the copper excreted in the biliary tract is not reabsorbedl3. (
\

The measurement of copper in the bile presents a definite

problem since the bile is difficult to collect from normal

humag subjects, and the daily outflow varies inggrmittentinély,
fluctuating\from 250 to 1,100 ml déilyzz. Postmortem .

gallbladder .bile examinations from six normal subjecﬁs yielded $
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a concentration of copper that ranged from\24 to 538 jng/l1l00

ml bile, with a mean value of 329 nug/100 ml bile.36 Other
-,

investigators have reported the biliary copper concentration

as varying between 6 to 205 Pg/lOO ml bilelss. '

B) Urinary Copper

The urine contains only traces of copper (5 - 25 ng/
day), and values higher than 60 pg daily are not observed
under normal physiological conditionszZ. Administraﬁ&on of

64 to human subjects resulted in an increasdd

radioactive Cu
rate of urinary copper excretion, with the highest values

being recorded in the first two hours after adm;nistrationz.

It appears p;obable that a definite relationsqip exists between
the rate of urinary copper excretion and the serum concentration
of nonglobulin, nonceruloplasmin radiocopper. This suggests
that copper loosely bound to albumin, or which has been |
dissociated from the copper albumin complex‘during its passage

through the kidneys, is the main source of urinary copper.l4’22'152

~ Ceruloplasmin has not been demonstrated to exist in the urine

. \
under normal circumstancesgs. Negligible amounts of copper\
\

are excreted in the sweat and an estimated 20 pug Cu/day ~

is lost during the menstrual flow.88 o0 |
In normal human subjects to whom radiocopper was
administered orally, 72.4% was localiged in the stools and
only 0.1% of the radioactivity appeared in the ufinezz. Thus
assuming an aver;ge daily consumption of 2.0 to 5.0 mg

of copper by a normal human b&ing, it can be calculated that

T e
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32% (0.6 to 1.6 mg) is absorbed, 0.5 to 1.3 mg is excreted
in the bilg, 0.1 to 0.3 mg passes directly into the bowel,
and 0.01 to 0.06 mg appears in the urine.  These metabolic
interelationships are represented briefly in figuré 4 and |

a more detailed account of the normal metabolism of copper

in man is schematically represented in figure 5.

5. Copper Deficiency

. A) Coppér Deficiency in Man

Under normal physiological conditions, a significaht

deficiency of copper has never been reported, although .
] g '
recent instances of copper dependent anemias with skeleta

deformities have been described in children78. There are

three main reasons why copper deficiency seldom, if ever occurs
in humans.128 Firstly, the ubiquitous distribution of

4 ~ .
copper in the environment makes deficiency in humans consuming

7

even the most malnourished and mediocre diets highly unlikely.

Secondly, normal diets in most parts of the world, especiélly

\

in the Western countries, contain a large and sufficient
1

amount of copper relative to needs. Finally, a specific .
!

regulatory mechanism appears to maintain this Wietary surfeit
34

-

of copper from reaching toxic levels.

* B) Copper Deficiency in Animals

In contrast to human Beings, naturally- occuring

\

copper deficiency in animals occurs with great frequency
. . {
and manifests its effects in a vast array of biochemical

abnormalities. Anemias, depressed growth, bone disorders,

#
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depigmentation of hair and wool, abnormal wool growth, ngg;atal

™
ataxia, impaired reproductive performance, heart failure,

cardiovascular defects, and gastrointestinal disturbances

have all been reported in animals with a dietary deficiepncy

of copper.151 The gxtent to which one or more of these

disorders manifests itself is dependent upon the species in
qguestion, age, sex, environment, the duration and severity

of copper deficiency, and the biochemical priority of the AN

process in the organism. As an example of how a deficiency
[

of copper results in the appearance of a naturally occuring
disorder, a brief account of the extracellular copper

containing enzyme, monoamine oxidase (MAO), and its involvement

t

in cardiovascular défects follows.

o
'I® was observed in several laboratories that the

elastin content of the aortas of copper deficien?/pigs and

chicks was considerably decreg;ed and. contained an elevated.

lysine content significantly less desmosine and isodesmosine

r (!
than did the controlsl39’158. Desmosine and its isomer,

isodesmosine, are tetracarboxylic, tetramino acids formed by
“ B # .
the condensation of two, or possibly four lysine residues, which

together constitute the key cross-linkage ¢groups in elastinllz.

This condensation reaction consists in the removal of the

1

epsilon!amiho group of the lysine residues and the oxidation

of the carbon to an alfehyde, a reaction catalyzed by the copper

bl
containing amine oxidases (MAO)12'67. The reduction in the

'

plasma amine oxidase concentrations observed in these copper
‘ f ! N

4




deficient animal§ results in a reduction in the enzymatic
activity of MAO. This in turn léssens the capacity for oxida-
tively deaminating the epsilon amino group of the lys;ne residues
in elastin. The reduction in oxidative deamination results in
less lysine being converted to desmosine, and thus in fewer

cross linkages being formed. The elasticity of the aorta

diminishes and becomes fragile. As 'a result, sudden deaths

from ruptures of the malformed vessels occur. /

v
v

_ 6. Copper Toxicity \

Despite the ubiquity of copper in nature and the wide-

spread use of cépper for plumbing, kitchen utensils, beer
A

brewing kettles, whiskey stills, and the exposure B{ various

types of workers to high concentrations of the metal, copper

24,28,29,128

poisoning is rare in occurence. Toxicity probably

does not develop in man because the metal is excreted or

A

incompletely absorbed. Under normal circumstances, copper is
a "benign agent to man", but as Cohen states: "excessive

concentrations of the metal in any of its forms may produce

mild to serious and even life-threatening consequences".28

Bothythe acute and chronic manlfestations of copper poisoning
in Wumans are dependent upon the mode of contact and the

midieu in which this contact occurs. Toxic properties of

{
metallic copper have been described and associated follcq}ng
51 5

topical exposure, inhaldtion, and ingestion of .the metal in
its various valence states. Acute copper poisoning due to

ingestion of copper salts, partifularly copper sulfate, is

L]




. in the intestinal lumen for further absorption.
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rare because the emetic effect of copper limits its oral

toxicity. Thus, the prompt ingestion of more than 10 to 15 mg
\ \
of copper at one time results in vomiting, nausea, and perhaps
cramps and diarrhea. As a result, very little copper is left
5,28,74,128
\ -
Chronic copper toxicity, as would be expected from the widespread

industrial-linked copper settings and applications, is also
rare in occurence. Direct exposure to copper éalts or dust
méy resuit in the development of a contact dermatitis, with
the appearance of ; greenish-black discoloration of the skin
and hair. Turbidity, ulceration of the cornea, conjunctivitis,
and edema of the eyelids have also\been described resulting
from direct eye contact with copper saltsl42. Workers
chronically exposed to excessive concentrations of copper dust
and fumes may develop congestion of the upper respiratory
tract, particularl{ in the nasal mucous membranes and pharynxa.
Repéated ingestion of elemental copper or its sait forms Pay

\

also result in the development of hemoglobinuria,. hematuria,

// ]
acute and often massive hemglyticAgrisis;/ﬁypertension, and

28 T
coma. o 4

e . ~

In anim;is, acute and chronic copper poisoning occurs
to a much greater deéree than in man, and evidence suggests \
that copper can be more toxic in animals than in humans.
Chronﬁc copper poisoning may occur in animals under natural
grazing conditions, from industrial and horticultural
contamination of feeds and pastures, and as._a result of the

1
|
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X
use of copper supplements as growth stimulants. Hemolytic b
\\%gundice,‘diarrhea, necrosis, hemoglobinuria, lupinosis,
as well as a vast number of other specific diseases have been
/ described and attributed to chronic copper poisoninnglu ‘
The greater susceptibility Of animals to the toxicity of
copper may be due in part to the lack of spégific metabolic
} regulatory mechanisms which balance the body copper in a
\

homeostatic equilibrium and prevent accumulations of the metal

to toxic levels. IR
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CHAPTER 3

MATERIALS AND METHODS ' \

3 \
1. Maternal Serum Copper Levels at Delivery

(Study I)

A) Trace Metal Analysis

Probably the most difficult aspect of trace metal
analysis is the problem of environmental contamination. Dust
particules from flaking laboratory paint and plaster, corrosion
products from metals, improper analytical handliﬁg, the use
of insufficiently pure reagents, iﬁproperly @ashéd labora-
toryware, and even the method of labelling the samples (since

ink in glass fibre pens contains a high concentration of

copper and sodium) may all introduce erroneous error in the

- o

final determination of the metal concentration in a sample.
Extreme cautionvwaq followed throughout the technical and
analytical phases of the“present expgriments to avoid Eﬁé%f;
possible contamination of séﬁples with extraneous copper.Q\Thé
water utilised in all stages of the experiments, including ’
that employed for dilution purposes, was tap water passed
through synthetic ion exchange columns which was further
Aéiééillea to give an almost metal free solution. Unless
otherwise specified, the word "water" utilised in any context

of this thesis refers to this high purity dejionized distilled

water. All glassware (test tﬁbes, volumetric and pasteur
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pipettes, volum ic flasks, erlenmeyer flasks) were rinsed -
with tap water immediately tgf\use, boiled in 1NHC1l for
fone hour, rinsed with running tap_water and:subsequently rinsed .
three times with deionized water before drying. Disposable
Eppendorf micropipet tips and disposabie polypropylene test
tubes, polypropylene known to contain a low copper content, were
used in addition to the standafd laboratory glassware.
The serum copper concentrations were gquantitatively

- determined at delivery in women with normal pregnancieé as well
as in prenancieslwhere various conditions were listed in order
to ascertain a possible relationship between the serum copper
concentrations with respect to thes?'prggnancies. In normal
control pregnancies, the serum copper content of uébilical cord

blood was also determined.

B) Sﬁbjects of Study ’ \

AS

The serum copper determinations were performed from
a random sampling of 100 pregnant women at term with a ndrma#ﬁ
gestational coursé. The delivery was-single, vaginal, and at
term. Serum copper determinations were also determined in 100
cases of pregnancy with various conditions where differences
in the sdrum copper levels would be expected. These conditions
included; 9 cases of intrauterine foetal growth retardation with
a small foetal size for the due gestational date; 9 cases of
maternal gestatioﬁal diabetes.with délivery between the 38;? -
(:) 40th week of pregnancy; 24 patients suffering from Toxaemia
(pre-eclampsia and eclampsia); and 58 postmayurity cases with

\
| - )
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labour and delivery occuring after 40 weeks of gestation.

C) Methodology“of Procurement of Specimens

, At delivery, 10 ml of maternal venous blood and 5 ml
of umbilical cord blood were drawn into a Vacutainer red
stoppered glass tube. The blood was then allowed to clot

and the serum was subsequently separated from the erythrocytic
fraction by cent;ifugatidn at 2800 rpm., Oﬂe ml of serup was
drawn by a 1000 pl Eppendorf micropipet and this was diluted
to 10 ml with deionized water. The same dilution was performed
with the calibration reference solution (Dade Cation - CalTM)
which was used és one of the control standards. The copper
content of both maternal and umbilical cord serum was
determined by atomic absorption spectfophotometry.

b) Methodology of Atomic Absorption SpectrophOtometry

The Perkin-Elmer (Model 107) Atomic Absorption
Spectrophotomeéer with a 3 slot burner head and Intensitron
copper hollow cathode lamp was used for the serum copper analysis.

Glycerol copper stand?rd solutions to approximately match the

.viscosity of the diluted serum. A 5% glycerol water solution

i

served as the blank solution. Two working standards of differing
copper concentrations, 100 pg% (W/V) and 200 ug% (W/V) were
prepared in a 5% glycerol water solution. . These standards fell
within the known linear working range for copper, approximgtely
500 pg% Cu taken as the allowable maximum upper limit. A

'liquid plasma protein based calibration #efefence, consisting

of a 6% bovine albumin base to which pure chemicals had been

e
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added (Dade Cation -\Eal TM) containing a copper concentration

of 200 pg% was used as aﬁ additional control standard. The
instrumental settings on the spectrophotometer were adjusted

as follows. The lgmp selector was placed at position 3 with

the lamp current being adjusted at 6 milliamperes. The ;pectral
slit was opened to a width of 7 Angstrom units and the supply
valve of air, the oxidant, was set at a pressure of 70 psi

(4.9 kg/sq. cm). The oxidant air flow and the acetylene fuel
flow rates were adjusted to the instruﬁental settings of

11.5 and 13.5 respectivély to provide a lean blue oxidizing
flame. The wavelength was.first coarsely set at a value of

280 nm, with the maximum wavelength peak then being carefully
adjustéd using the fine wavelength contrQl to 282.3 nm. |

This optimal wavelength corresponded to a maxima% needle
deflection on the énergy meter. The blank soluéion was aspirated
into the air-acetylene fléﬁe and the digital readout was
zeroed to the point where aspiration of the blank solution
re;ulted in a reading of zero absorbance units. The 100 ug%
(w/v) and 200 pg% (w/v) copper standard solutions were subse-
quently aspirated into the air-acetylene flame t9 give absor-
bance readings of 0.04 and 0.08 units respectively. Aspirant
flow rate as well as the vertical and horizontal burner head
alignment were so adjusted as to give the maximum absorbance
readings with the two standard solitions. The diluted control
stapdard calibration reference solufion}'containing a copper

\

concentration of 200 pg%, was subsequently aspirated into the



'

’

flame to verify the valiQity of the previously set conditions.
The absorbanée readings of the standard solutions were inter-
changeably converted to the corresponding concentration (pg%)
using the expansion calibration on the spectrophotometer.

Thus sample readout valiies were now calibrated to represent

the concentration of the solution and not its absorbance.

These conditions set the.proper operating parameters for /
sample analysis to commence. The diluted serum sample was
asgirated into the air-acetylene flame and the concentration
of the sample was obtained. When stabilization of the readings
to fairly constant values occured, ten consecutive readings
were recorded from each of the samples. Each sample analysis
was preceded by aspirating water for approximately ten seconds
through the nebulizer and burner head. The zero position

and the expansion calibrgtion were aiso verifiéd before the 1
analysis of each sample to assure\that errdneous drifts did

not occur.! The mean of ten consecutive readings for each
saﬁple was ‘determined and multipl#pation of this figure by

the appropriate dilution factor yielded the.serum copper
concentration. ,

2. Maternal Serum Copper, Placental and Umbilical Cord

/ |
Serum Copper Concentrations at Delivery. (Study TIT) 3

A) Subjects of Study

The copper concentrations were determined in maternal
serum, umbilical cord seium, and in placentas of 106 normal

pregnant women as well as in 44 cases with various conditions
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-of pregnancy including the following; 7 cases of premature

labour with délivery occuring betweeﬁ 33 - 36 weeks of gestation;
13 sztmature labour cases with delivery‘:after 40 weeks of
gestation; 9 cases of maternal iron deficien x‘anemia with
concomitant hemoglobin values of less then 10 G%; 9 cases

with premature rupture of the membranes; and(6 cases of Toxa;mia.
These studies were carried out in order to ascertain any
variaﬁions in the placental copper concentrations as well as

to elucidate any relationship between the maternal serum coﬁLeI
concentrations with respect to the placental copper levels.

The 44 cases.with these conditions were compiled from a total
number of 811 consecutive pregnancies, In all cases viable

infants were delivered.

B) Methodology of Preparation of Placental Specimens

For Copper Determination, j

Immediatgly following the delivery of the foetus,
ﬁlacentas were obtained from the case room. Two excisions
of approximately 10 grams seach were obtained from the maternal
aspect of each placenta from the area located 3 centimeters
laterally to the umbilical cord entry on the opposite (foetal)
s;de. The blood content of the excision biopsy of placental
tissue was not wa;hed out. Thé excised portion of the plécenta
was weighed on a Mettler P163N semimicrobalance and the wet
weight was recorded.ﬂ The placental biopsy was then lyophilized

for 24 hours in a Virtis freeze drying apparatus and the dry

weight recorded. The freeze dried placental specimen was then




.

placed in a porcelain crucible and ashed at 400° c. for 72 hours

in‘a muffle furnace. The resultant ash was dissolved in 10 ml

of 0.1 N hydrochloric acid (Baker J. T. Chemicals, Ultrex
Grade) and the solution was vigorously shaken to yield a
homogenous distribution. The method of obtaining maternal and

umbilical qord blood samples have been described previously.

c) Methodology of Atomic Absorption Spectrophotometry

for Placental Copper Determinations

) Analogous to serum copper determinatiohs( the
placental copper concentration meagurements were performed‘on
tEg Perkin - Elmer (Model 107) Atomic Abé#rption Spectro-
photometer with a 3 slot burner head. The technical analysis as\

well as the spectrophotometer instrumental settings were t@e

- same as for serum copper determinations described previously.

The only difference in the analysis was as follows, Two working
standards of diffeFing copper concentrations, 100 pg% (W/V) and

200 pg% (W/V), were prepared from a Certified Atomic Absorptibn
Copper Reference Solution (Fisher Scientific Co.) and diluted *
with deionized water, not with a 5% glyéerol water solution as

in the case of serum copper determinations, since the viscosity .
(specific gravity) of the plécental samgles diluged in 0.1 N

Ultrex hydrggﬁioric acid was comparable to that of deionized

water and not the speqific’gravity of serum. The liguid plasma
protein - based calibragion referencevsolutiﬁn (Cade Cation - CalTM)

was not used for the same reason. Ten consecutive concentration

readings for each placental sample were taken and their mean
. of




value was calculated. Taking into account the appropriate °

dilution factor and the original weight of the placental

specimen, the copper concentration (npg Cu/gram placenta) was

determinéd for both the wet and dry weight. ’ v
1 . ¢
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“\tg&gl normal materna} serum. copper levels at delivery had values .

_56- ’ !

CHAPTER 1V

RESULTS AND DISCUSSION
’ \

e
-

1. Maternal' Serum Copper Levels in the Third Trdimester

a

of Pregnancy - ' .

A) Normal Pregnancy"

In the one hundred normal uncomplicated preénancies
" .

—

with delivery at term, the mean miternal serum copper concentration

was found to be 261.29 ngt (S.D. ¥ 33.65), (figure 6). The

maternal serum copper concentratlons vere found to range between

‘i};\*

171-353 ng%. As can be seen from Table &, 76% of the observed,
! .
normal serum copper values fell within the limits of 200-300 ng%.

!

In 17% the values were higher than 300 pg% and only 7% of the

5
3
:
;
!
3
o
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_—

less than 200 pg%. The frequency distribution bar graph

of maternal serum copper concentrations at term more specifically

AT it A

démonstrates the serum copper distribution (figure 7).
The mean maternal serum copper concentration observed

in this study seems to agree with mean serum copper values

reported by Schenker (275 pg% S.D. x 39.70) 130, O'Leary (261 ng%, !

+ 109 65

S-D. - 73.9)

R Hénkin (221 t 14 pg%) + and Ylostalo

(258 npg%, S.D. r 79.2)161. It can be seen from the standq;d

MANENN ok ¢ 4 v

deviations accompanying tﬁeée values that consider;gle
variations exist, although the values are significantly highj{

than those in nonpregnant women.

a
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PER LEVE | NQ,  OF CASES WO, OF CAgES NO, OF CASES NO, OF CAgES NO. (F CAEBES
LESS THAN 200x9% 7(7) 5(568) ocos) 0(0) 12(218)
200- 2490t 34(34v) 3(33w) 1(11w) 6(243) 24(418)
g
250-300xg% 42(428) 1(118) 5(568) 13(544) 17(29%)
WJ Sod,.gt, 17(174) + 0{08) 3(33w) 5(228) 5(98)
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~Table 6 Frequency distribution of Maternal serum copper levels
, ]
N (pg Cu/100 ml serum) in the t[hird trimester of
Q9 N v
pregnancy. ¢
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GROUP NO. OF CASES  MEAN MATERNAL SERUM COPPER : '

, LEVEL (29Cu/100 mi SERUM)

|

b

t

t

|

i

i

t

NORMAL PREGNANCY 106 . 257.91140.69
TOXAEMIA 6 291.67455.99
PREMATURE LABOUR 7 247.71137.56 i
POSTMATURITY 13 247,85237,.58
PREMATURE RUPTURE OF THE MEMBRANES 9 247.78%31,87
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| Figure 8 Mean Maternal serum copper concentrations at term

e v

‘a’ (pg Cu/100 ml serum) in normal pregnancy and in
*

various conditions. s
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In a second set of experiements (Study II), the mean

maternal serﬁm copper concentration at term was 257.91 pgs

(S.D. ¥ 40.69), (fiqure 8). This Value\is in close/agreement

with the serum copper levels reported by other author565’109’130’161' &
and with the value'!observed in our previous study. Table 7
demonstrates the frequency distribution of serum copper values
in these cases. The majority (64%) of values were observed to
range between 200 - 300 pg%. Twelve percent of the values
were less than 200 pg$ as compared to 7% in the previous
study. Similarily 24% wf the observed values were higher

than 300 upg% (as compé;sd to 17% in the first study).

o
109, there is normally a continuous

’ According to O'Leary.
increase in maternal serum copper until térm (figure 9). The
degree of maternal serum copper increase seems t6 be
dependent upon the stage of gestation. A significant increase
is seen at the end of the first trimester corresponding to the
formation of the placenta. Changes in the level of serum
copper may be detected as early as the fourth week ofagestation,
but a signifiéant rise can be observed by the tenth week when
values of approximately 200 ng% are recorded. The plateau
is theg cont¥nued until the\fwenty fourth week when an increase
occurs, eventually reaching levels around 536 pg% at term. The
serum copper levels decline with the onset of labour and
gradually decrease during E&%;puefperium to preﬁgregnancy

levels (figure 10).
N ! - \‘
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B) Intrawterine Foetal Growth Retardation {I1I.U.G.R.)

Infants weighing less than 2500 grams at birth and %
small for their gestational age are not necessarily premature.
Inadequate intrgdterine nutrition, congenital abnormalities,

or intrauterine infection may contribute to chronic retardation

D RN

-

of growth. Although the malnourished infant will appear under-

EESS

sized, the growth of the head and brain are often unaffected.
\

Clinically, such infants appear initially more mature than

those of similiar weight, but learning problems and neurological

e '

symptoms may occur later. In.saddition, .these infants rarely

-
R L N S
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¥

achieve normal growth and continue to lag behind throughout

.
101. Thus, the earliest possible detection of foetgi

el s

life
growEh retardation.is of vital importance.
b}

In our survey, the 9 cases of pregnancy with «

%
I.U.G.R. concomitant with a small foetal size for the due

gestatlonal date had a mean maternal serum copper Eoncentra—
tlon?of 183.44 pg% (S.D. ¥ 50.54) at delivery (figure 6)
This is significantly lower than th7 serum copper concentrations-

for the .same gestational period in normal pregnancy.. In
! & .,

only 3 cases the serum copper concentration was between 200 -
+ 300 png% and only 1 case had a serum cdﬁper value exceeding

250 pgt (Table 6).

The severe pregnancy hypocupremia observed in these

cases is highly significaﬁf, even at a S.D, of 1 in comparison “
to normal pregnancy. At delivery, .the expected percentage

hY

of normal mothers pogsessing serum copper concentrations less

A\
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SERGT—SONDITION | yorar, pREQONSY | TOXABMIA | PREMATURE IABOUR | TURITY Yo, RN,
! COPPER LEVE NO. OF CASES N0, OF CASES ' NO, OF CABES NQO. OF CASKS NO. OF CASES
% LESS THAN 200amg% “13{12%}) 0(08) 1(14%) . 1{8%) 1{11n)
3
¢
|
‘ 200- 2430 32(308) 1(17%) 3(43%) sl 4(458)
B
25030098 35(348) 3508 3043 4031y b 3(334)-
OVER 390’9\ 26{248) 2(33%) O{0N) 2(15%) 1{11v}
t \
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* TOTAL 106 6 7 13 9
¥
X f

Table 7

!

Frequency d;:tribution of Maternal serum copper

levels (pg Cu/100 ml serum) in the third trimester

of pregnancy.
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than 200 npg% is in the order of 7% (as compared to 56% observed

in the cases of I.U.G.R.). Banerjeal studied the eétriol
excretion levels in 2 cases of. foetal growth retardation
diagnosed by the nonincreasing height of the uterus. With
Case A, at 385‘weeks, the estriol titre began to fall and
labour was induced. The patient delivered an infant weighiné l
3 pounds 8 ounges. Case B was admitted aF 34 weeks of gestation
on the diagnoétic basis of "foetal growth failure" and the
infant was delivered by Caesarean section, as there were
signs of marked foetal stress. The estriol excretion concen-
trations were ‘lower than nofmall%p both cases. Banerjea's
iméression of poor foetal growth is that it is associated
wiﬁh "poor placental function". In the 9 cases of I.U.G.R.
] studied, none of the mothers had intrauterine infections nor
‘ were they malnourished. One would expect the I.U.G.R. /
developing as a result of infections would probably elevate
the maternal serum copper concentrations, since it is well

known that infections of various types markedly increase the

serum copper content. Although the infants delivered were

small and undernourished, they possessed ho congenital

abnormalities. Thus at least in the 9 cases ;tudied,‘it would
\ ,appéar that "poor placental function" postulated by Banerjea

may héve been the factor associated with t;é E.U.G.R. The

question ariseg as to whether copper plays a primary etiological

r‘) ‘

- role in the dévelopment of I.U.G.R. or whether it is a

» .
gecondary indirect result of the I.U.G.R. It would seem

)
1
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logical to assume that there was a substantial and sufficient

PR 3,

amount of copper present in both the direct - reacting pool

g

of plasma copper and in the ceruloplasmin fraction. Although

pregnancy -imposes a greater maternal demand for copper, even

the most mediocre diet would supply sufficient copper to

i

maintain normal physiological processes. It would also

e

appear logical to assume that if it is not the lack of copper

X )
that is responsible for the pregnancy hypocupremia observed
in the cases of I.U.G.R., other associative factors may

vary the serum copper levels. Alterations in the foetal-
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p%acental—maternal complex may possibly disturb the estrogenic
balance, estrogenic output being closely associated with the
foetal-placental-maternal complex. The small placental size
accompanying I.U.G.R. cases could invariably result in a
quantitative decrease in the amount of physiologic estrogens
synthesized and secreted by the placenta, thus lpweringl ‘
the induction rate for ceruloplasmin synthesis. These factors,
solely, or in combination with eacn other, m;y be responsible

for the significant hypocupremia observed in pregnancies

with I.U.G.R.

These cases of pregnancy hypocupremia indicate that
maternal serum copper concentrations may provide the obstetri- '
\cian with an ad@itional prognostic tool in conjunétion with
other diagnostic data. Women in the last trimester of‘'pregnancy

who show harkedly depressed serum copper concentrations should

be considered as "high risk" patients who have a greater than

.
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normal probability of carrying a foegps Qhose growth is
retarded. Prognoéis as to the well being of the, foetus may &
also be carried out with further serum coppef determinations

and in conjunction with the urinary estriol output. An

increase in maternal'serum copper levels in such cases may
signify a favourable improvement in the foetus, while decr?asiqg
copper concentrgtions could iﬁdicatéﬁa less favourable prognosis
with intrauterine foetal death becoming a realiéy. " Some
supportive evidence upholding the speculation on the validity

of the prognostic valug of serum copper determinations emerges

from a study by O'Learylog, who has monitored the total serum

copper concentrations in two women with chronic hyp;rtensive
disease from the twenty eighth week of gestation (figure 11).

An essentially normal éestaéional date vs serum coppe} curveﬂ
was observed in both women until apprdxiggtely g?e thirty

sixth gestational week, when rapid and marked decFeases in

serum copper levels occurred. The continuous decreases persisted
until term. Both womeﬁ had intrauterine foetal deaths aﬁd
delivered stillborn infants. -Certainly éerum copper detqrmigé—_
tions in such cases represent a much simpler test than estriol
assays. 7 . o

C) Gestational Diabetes / .

Metabolic abnormalities associated with diabetes

mellitus may occur many years before the onset of actual -

clinical' symptoms. This "prediabetic" state may develop into

actual clinical diabetes by various stress factors, one of

~
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which is pregnancy. Mothers already diabetic, or mothers

who develop class A diabetes during pregnancy for the first

time run a high risk of subjecting their offspring to

metabolic abnormalities that increase both foetal and neonatal

abnormalities. Although the advent of insulin has reduced

.

the maternal mortality rate to a level similiar to that for

nondiabetics, various complications concomitantwith gestational

diabetes have been described. Abortions, premature iabours,

intrauterine and foeﬁal deaths, toxaemia, excessive sized

A

infants, hydramnios, congenital malformations, and foetal

101

.

‘anoxia have all been described in diabetic mothers

kY

In the 9 cases of gestational diabetes{?tudied, s

the mean maternal serum copper level of 291.22 pg$

(S.D. L4 37.46) at delivery was higher than in the controls

o °

{({figure 6). The serum copper concentratidhs in the diabetic
pregnancies ranged between 249 - 350 pg% with 8 cases
having values between 250 - 350 pg% (Table 6). The majority
(5 cases) of the serum copper values fell within the limits
of 250 - 300 Pg% while no cases wexe observed to have values
less than 200 pgd. Only 1 case was observed having a serum
copper concentration within the 200 - 249 pg% bracket.

' It appears that there is a greater incidence o%
diabetic maternal serum copper concentratibﬁs occuring
above the 250 pg% mark. Only 11% of these cases had
values below 249 pg%, in contrast to 41% below 249 pg% in

normal pregnancy. Thus, a patient with a higher than normally




Figure 11
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-~ diabetes by other authors . The etiology of

. to result in subclinical hepatic damage, which in turn may

Y

13
-~

/pxpected serum copper concentration in tﬁeuthirértrimester of
pregnancy should be carefuliy observed, since there may é€xist

a greater than avérage probabilitY‘éhat she is diabetic. The
' ’ ot
mean maternal serum copper concentration observed in this study

is in agreement with the slight hypercupremia observed in gestational
0 .\ i
130,131, 161

7
1]

-’ /
“hypercupremia in diabetic pregnancy still remains to be

. .
‘resolved, and only one explanation as to the factors responsible

for the increase in maternal serum copper levels has so far

been proposed. 'ThF hypercupremia of gestational diabetes
7 ¥

-

may be related to hepatic metabolic changes associated with
4
thg“disease, and to mild or severe toxaemia that usually

accompanies and compX¥icates diabetes. Toxaemia is postulated™

o

result in the release of stored hepatic copper into the A

bloodstréaml3l.‘ ’ ‘ '

$
In contrast to the constant hypercupremfa observed

in diabetic motheré, the available literature on their urinary

estriol levels contains very conflicting repor%s, postulating

nondeviating’normal°patterns of urinary extrio.l excretionlzo,

1
: . G . . 148
an elevation'of urinary estriol excretion

urinary estriol excre;ionll3. Perhaps the most intensive ¢

-

A
, and a decrease in

study dealing with the problem of urinary’ estrio.l excretion

in diabetic mothers has been carried out by Greeness, who

£
me*litus. According to Greene, urinary estriol excretions
a .

¢

t 4 .
s
w
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?gsdied a total of 8§ pregnancies associated with diabetes




a

less than 4.0 mg/24 hours after the thirty-third week of gestation

5 indicate intrauterine foetal death and call for the termination

L °

of pregnancy. 3 In his study, 12 patients (14%) had estriol
values less than 4.0 m§724 hours and & of these pregnancies

terminated in foetal death. Estriol excrepion‘values
£ o o
ranging between 4.0 to 12.0 mg/24 hours were categorized

with foetal distress and foetal jeopardy, leading to possible
R

v

congenital anomalies and neonatal complications. A total of
/

39 patients (44%) were found in this group. Estrial exCretionN

RIS D ST e TR PR T
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values abave 12 mg/24 hours were a85001atedaw1th no perlnatal

- mortalities and a normal gestational course. Thirty seven

<
L3

patients (42%) fell into this group. In normal uncomplicated
pregnancies one would expect urinary estripl values to fall

yin the range of 16-17 mg/24 hours. Although Greene did not

mention or elaborate upon whether his estriol values were low,

normal, or high {in coﬁbarison to those encountered in the

1

controls, his results clearly indicate that more than half

-y

'

(58%) of his diabetic patients pos§§ssgd estriol values in

the "risk" zone of less than 12 mg/24 hours.

Q

" D) Toxaemia .

¥

’ The appeafance of hypertension, protéinuria, and

\ edeﬁa in the last trimester of pregnancy indicates pfeeclampsia

h .in its incipient stage. Although the etiology of this disease
| is n‘t known, the current "uterine ischemia theory" has so

‘:) far received the greatest support. This hypothesisfadvances

that mechanical or neurogenic factors, such as uterine size,
| .
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multiple pregnanéy, hydramnios, and chronic hypertensive
vascular disease may igpair the uterine blood supply. The

" resultant placental hypoxia ma§ relea§e "protein substances"
which produce both antidiuretic and hypertensive effects, as
well as capillary.thromboses and proteinuria. The factors
responsible for these observed eéfects hgve not as yét been
}dentified. In addition to what has just been said about
preeclampsia, the‘patient who has progresseé to the point of
‘tonic eonvulsions is said to have eclampsia. Although

eclampsia is acrare disorder, it is nevertheless a serious

one manifested by initial convulsions before and after labour

and during the puerperium. Prolonged coma without the recovery,

of consciousness culminating in death, although rare in

. 101
occurence, may result after these convulsions . Because

?f tpe small sample sizes encountered in the present studies,
cases of preeclampsia and eclampsia have been grouped together
under the heading of toxaemig; since the only differentiating
factor between them is in the severity of the disease and the

¢
resultant onset of convulsions. ,

In our survey, the mean maternal serum copper

concentration obtained in 24 cases of Toxaemia (Study I)

%as slightly higher (276.18 pg%, S.D. 3'49.71) in comparison

with the serum copper’ concentrations in normal pregnancy at

delivery (figure 6). Nineteen cases fell within the limits

\,

of 200 - 300 pg% (Table 6). No cases of Toiaemia were

v

observed with serum copper, values below 200 pg%, while 5 cases

o

~
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possessed serum copper concentrations above 300 pgs%. The‘\‘

286.8 pg% (S.D. = 96.9)

- 74 -

- oy
majority of the values fell within the ZSQ\ 300 pg% bracket)

while 24% of the cases of toxaemia as conpared to 41% in
normal subjects had values less than 249 ng%. Thus, the general

tendency in the serum copper distribution of toxaemic patients
is that a higher incidence of increased serum copper levels
e .

occtir in comparison to normal pregnancies. Analagous to the

previous study, the six cases of toxaemia encountered in

" the secopd study also possessed a slightly hypercuprem&g mean

maternal serum copper concentration of 291.67 pg% (S.D. a3 55.99),

(figure 8). The frequency distéibution of the maternal serum

copper concentrations agrees well with that of the first &tudy
(Table 7). The major}ty of the Qalues ranged betweep \ y
250 - 300 pg% with a lower than normaz incidence of values
falling below 24? ng% (17% vs 42? in the normal controls).*y
Five Egses had values exceeding 249 ng%.

The mean maternal serum copper concentraﬁiogs observed

in our toxaemic patients is in agreement with hypercupremic g

values of 340 ug% (S.D. hd 42.1)131, 340 pgs (S.D: x 38.3)1307

+ 161 109

, and 390 pg$% reported by

other authors. The elevation of matefnal serum copper levels

in toxaemic patients seems,to be a paradoxical finding

6 found:low circulating eétrogen levels in ! .

]
toxaemic %?tients. From these findings it appears ‘that

since- Zondek

besides changes in estrogenic activity, other factors maw

play a role in affecting serum copper levels. As the liver

i

IRy
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\ is frequently affected in toxaemic\gstients, the observéd

. » .
hypercupremia' with a concomitant decféasé in the amount of
» /
' —
circulating estrogens could be attributed to subclinical
Q
hepatic damage. This subclinical hepatic damage may result

either from intrinsic degenerative processes on the cellular

level (infarction or unrecognized. cellular degeneration)

or on a subcellular enzymatic levellog. Partial support

of this hypothesis resides in the work done by Rasuli in

toxaenmic patients117. In women dying from severe eclaﬁpsia,

4

he observed marked depletions of hepatic copper content, .

decreasing from the normal 800 pg Cu/gram to 40 pg Cu/gram:

103 ascribes a beneficial aspect of the hypercupremnia

L4

in toxaemic pregnancies. He believes that copper ions act ,

Misghel

'‘as a compensatory mechanism improviﬁ% the utilisation of
oxygeh in tissues, increasing glycolysis in muscle, and
I
.inhib}ting the inhibitiég of enzymes by heavy metals.

Studies by Clemet90?27

on the metabolism of gfcgrbi? acid

in preeclampsia suggest that the resultant hypercgpremia

of toxaemia may be responsible for altering the ratio of o
reduced to oxidized ascorbic acid. The result is the
accumwlation of diketogulbnic acid and ascorbone, which 'is

a hypertensive agent in rats. Dehydroascorbic acid may be

a predisposing factor involved w}th or resulti&g from
toxaemia. It is unlikely that it is the primary chemical

mediator in ﬁpxaemia, although additionale studies are redquired

‘"to resolve- this issue.

.
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Thus maternal serum copper concentratigps may be qf

i

importance in the clinical assessment of toxaemia./ A

2

. ' -
patient manifesting increased serum copper concentrations
§

and decreased urinary estrogen levels in the third trimester
of pregnancy may be’; "suspected" toxaemic case. Studies
also reveal that there is a positive correlation between

the clinical severity of the disease and the concentration

of serum copper109'130’131. As such, the maternal serum
copper levels may also be valuable in‘assessing the prognosis
of the patient, with further increases in serumvgopper

.

reflecting an increasing spread and severity of toxaemia.

E} Premature Labour

Spontaneous labour occuring after foetal viability
, &

{E established and before foeta# maturity is defined as
premature‘iabour. Foetuses”weighing 1,000 tb 2,499 grams
(29 to 36 weeks of gestation) are.considered as prematuréw
and premature b&rths are by far the most common Eausé of

neonatal mortality. Chronic vascular diseases, toxaemia,

L

‘placenta prebia, foetal anomalies, multiple pregnancies,
and maternal urinary tract infections are the most common

<
causes of premature labour. However, in less than 50% of

\premaﬁure births can any definite cause by showthI.

In 7 cases of prematurity included in our series,

[

the'mean maternal serum copper concentration of 247.71 ng¥%

(s.p. ¥ 37.56) was recorded; this is slightly lower

«

' (statistically not sign%ficant) than levels found in the !

* .




t
controls (figure 8). Six cases fell within the 200-300 pg%

bracket, with an equal number of cases being %bserved in

the 200-249 pg% bracket and 250-300 pg % bracket (Table 7).
a('f
Only 1 observed case of prematurity had a serum copper concen-

tration less than 200 pg %, while no cases were observed to

1%

have values above 300 pg %.
X 5
Thé mean maternal serum copper concentration observed

in this study is in agreement with the slight hypocupremic

t

mean value of 250 pg % (S.D. 35.1) i% premature births

! »
reported by SchenkerlBo. It is logical to assume that since

premature births occur before the thirty eighth week of /
gestation, at which time the serum copper concentrations!
reach their peak levels, determinations of copper levels

several weeks beforeqthi?¢date should yield lower values.

° F) Postmaturity

The state of postmaturity is 'defined as a prolon-
gation of pregnancy beyond 40 weeks. of gestation; which may
be detrimental to the foetus because of the limited life
span of the placenta. Late gestational placental insuffi-
ciency, resulting in.inadequate foetal nourishment may
consequentially occur. Since reliable and accurate information
relating—to a patientfs menstrual history, time of owvulation;
and time of conception is éometimes lacking or is not well
documented, the classification of a patient in many -instances

” 101

is an approximation, .

A lower mean maternal serum copper concentration




_ of 235.33 ng % (S.D. ¥ 37.16) was observed in the 58 cases of

postmaturi£y (figure 6). Twenty one peréent of the observed
postmature cases as compared to 7% in normal pregnancy

had corresponding sggpm copper concentrations of less than

200 png ¢ (Table 6). Simiiiarly, 41% of the postmature values
as compared to 34% in normal pregnancy had serum copper levels
between 200 - 249 pg %. fﬁ the second study (Study II),
the mean materﬁal serum copper was also lower than in the .
" control subjects (figure 8)f

[
The mean maternal serum copper values observed in

these studies are in agreement with mean serum coﬁper levels

+ +

of 230 pg ¥ (S.D. -

24.38) ‘ari, 240.pg % (S.D.
130,131

40.3) reported
by Séﬁenker et al Lun%wall92 has postul;ted!that

the low serum copper levels of postmaturity may be correlated
to placental dysfunction. This hypothesis apﬁéars‘ﬁeasible
due to several factors. Since the placenta has a limited

life span in which time it can“optimally function, the prolonga-

.tion of pregnancy may result in the progressive dysfunction\ .

o

b

of the bfacenta. Since an intimate relationship exists
F, between the maternal-placental-foetal complex,with respect
to estrogens and ceruloplasmin, progressive placentaff
dysfunction may;;esult in decreased estrogen product?on.

Quantitative dgdreases of estrogens may decrease maternal

o ' serum ceruloplasmin concentrations since less, estrogens would ‘
L ]
(:) “ be available for "inducing" the synthesis of ceruloplasmin

RNA templates.  Another pdésible mechanism that may contribute

\

e
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to the hypocupremia of postmature patients deals with the

foetal estriol precursor isolateg by Magendantz  and Ryan94,

16 ¢ - hydroxydehydroepiandrosterone. This precursor may
\ , ) . )
be decreased in activity with ?rolonged pregnancy either

A

,due to, (a) the sufficient maturity of the foetus which

¥

detreases the use of the foetal specific precursor with the
commencement of induction of adult mechanisms or, (b) the
progressive placental dysfénction may result in the insuffi-

cient ability to convert 16°ﬁhydroxydehydroepian?rosterone to

i
1 \

estriol in the placenta, leading to decreased estriol \

synthesis and less estriol being excreted in the urine. The
resultant decreased estriol levels may lead to lower é
ceruloplasmin concentrations simnce less estriol would be

available for "inducing" RNA templates. The urinary excretionvy,

§
of estriol in postmaturity also remains a subject of contrqvérsy.

|
The patients constituting the "postmaturity" group are a

mixed and unhomogenous group whose dlagn051s is based on

subjective patient information. Indeed Lundwa1192 states

that "there is no doubt that in many cases of postmaturity( ‘
the pregnancy is not piolonged and the date of confinement

is miscalculated”. Postmatﬁrity is often associated with

other pathological condiftions in pregnancy which qltimately
leéd to variabi;ity in the concentration of uripa;y estriol .

excret?ons. An intensive study by Lundwall92 on the urinary

excretion of estriol in postmaturity showed that out of a

totdl of 1¥1 postmature women investigated, 37 (22%) had,
* -

[

W
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low excretion values of less than 16 mg/24 hours. Betause

» of the "unhomogeneity" of the postmature group, Lundwall

did not discuss his results in comparison to normal preggﬁncy
g- estriok levels. Similiarly to Greeness; he merely géve

X guidelines of certain estriol leyels in relatign to clinical

applicability.

The consistent hypocupremia observed in postmaturity

should be used as an additional diagnostic factor to those
" presently employed, such as fundal height measurement,
roentgen evaluation of foetél osseous development, ultrasound
. scanning, and amnioscopy for the'assessment oflfoetal
N 101

intrauterine status and maturity

!

G) Premature Rupture of the Membranes (P.R.M.)

Patients whose membranes rupture prematurely in
. @,

many instances involve the jeopardy. of the foetus, since it

is often difficult to decide whether to initiate labour and

U

" T
»

effecé delivery of the fqetus prematurely or to seek additional
intrauterine maturation at the risk of amnionitis and foetal
septicemia. T%e exact etiology is‘not clear, butpit has begn
fuggested that premature rupture of the membranesvis not

o “caused by meTbrane weakness, since memﬂ&anes are capable

‘ of withstanding pressures that exceed those ;ésulfing from

q uterine contractions during laboq;101.

‘:’ In the 9 cases of premature rupture of the membranes

L]

studied, the mean maternal serum copper !anentration‘@t

I

patients suggest that the maternal serum copper 1edel s

¢
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delivery did not deviate to a statisticallyJsignificant
degree from the mean‘of normal pregnancy (figure 8). As
seen from Table 7, the majority (7 cases out of 9) of these
patients had serum copper concentrations in the range of
200f300 ;g %, anélogous to the control subjects. A larger
peééentage of cases fell "#nto the 200—245 pg % bracket. Thus
the frequency distribution of maternal seru@ copper levels

in this group of pgtients exhibit a simila; pattern to that
of normal subjects. N

H) Factors‘Affecting Copper Levels ixyﬁregnancz

The onset of pregnancy is characterized by dramatic
changes in maternal metabolic proéesses which are required
for the growth and dévelopment of the foetus. Copper, being
a critically import;nt trace element necessary for the growth
and development of ;any organ systems, plays a vital role
in the mhaintenance an§ development of £hé'foetus. Thus,
"as e#bected, marked changes in copper metabolism occur during
pregnancy to meet the additional nutritional and physiological
requireménts imposed by both the foetus a#d mother.

a) Chemical Structure of Estrogens

The estrogens are one of the main hormones secreted '

3

‘by the placenta during pregnancy and are responsible for - the
’ .

development and maintenﬁnce ofaB;egnancy. They ;xhibit~a

e ~

[=) — |
wide range of metabolic effects on the matérnal and foetal

organisms. Structurally, estrogens are four ringed, éighteen

-

cérbon‘coqpounds, which differ from other steroids by

0 °
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“ figure 12. | ' ) $

N [ :
60 <8 100 pg daily while pregnant femal%s normally excrete .
mofe than 0.5 mg daily in thé urine?l.
/// Although there has been a conside¥rable amount of
» b

v i BT

L)

Ry a oA T

i

lacking the C-19 methyl group which is normally attached to

C-10 on the stero¥d nucleus. Inﬂadditién, double bonds in
N . *

the A ring of the steroid nucleus unsaturate the ring, and

endow the eighteen carbon compounds with "estrogenic"

N

activity. Estradiol, estrone; and estriol are the three

major physiologié estrogens that account for the majority of

estrogens in the hufnan body51. Their chemical structures - *

and interconversions are schematically represented in
\ ]

b) Biologic Effects of .Estrogens

A

Estradiol - l7p is the most potent of the estrogens

and as such is the major physioiogic functional estrogen

AN

secreted by the syncytial cells of the placental trophoblasts.
It is freely reversible with its less potent reduced form

(at the C-18 position), estrone. Estriol is the physiologically
weakest estrogen possessing only one-hundreth of the’biologfﬁ
activity of estrone and only one-five hundreth that rof

estrddioll§7. It is however the major excretory product .
of estrogeﬁ metabolism and estriol gluconate accounts for

approximately ninety percent of all urinary estrogens excreted

in pregnancy. Women in their menstrual cycle excrete an average
s : ;

research on estrogen metabolism, the full biologic effects

of the large quantity of estrogens secreted by the placenta
i . \\ ‘

'
’
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are not fully understood. The growth of uterine musculature

is partly attributable to the effects of estrone and estradiol

T e, b

\
i\ while estriol is'known to antagonize this growth by suppressing
the effects of both estrone and estradiolll4; since the various ;

estrogens. possess differing expressibn of the sum total of

K g

® their activities. Estrogens may also increase the strength

TIOERITT >
~.
e N e 3T .

of myometrial contractions by promoting increases in

actinomyosin and adenosine triphosphate (ATP) concentrations

T gL & aTaTe

3 in uteriné muscle lcells, This was demonstrated by Csapo
‘ ‘ - /

, 8 . \ ‘s
who observed an activation and stimulation of a pyridine

A

- e

nucleotide transhydrogenase system in the placenta and_

other tissues by @stradiol and estrone. Inevitably, energy

Bt s w rmerer

i requiring biosynthetic processes could occur. Changes in 3
} Fog

the protein content as well as an increase in the thyroxine .

{

and cortisol bihding capacity in the peripheral blood in

pregnancy has been also attributed to placental estrogens?’l, ' ;

0

c) Estriol in Pregnancy PR 1

;i,.,,‘ The increasing amounts of excreted estrogens in

Mo

' 3 & . “-
pPregnancy occur mainly as glucosiduronates or sulfates ‘

in the urine. Although t13e ovary al'so secretes the pregnant .
estrogens, it ‘is the placenta that dominatées their productioﬁ 0

P
RO ¥ NSRSRE T TR 55

This was demonstrated by tfxe finding thatybi],,ateral - .

Yo

oophorectomy perfa;’med as early as the’ si{c’th week of gestation

did not significawntly alter the quantity of urinary estrogen h"

L
! excretionSI. Estriol, being the most abundant estrogen
, .

wh b , .
. secreted by the placenta, is also the fraction vhich demonstrates

-
-
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Figure 12
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€S TRAQ‘OL . ESTRONE.

. . . .
~into Estrio] is not reversible. - Estradial and

-

- :
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Chemical structures\nd metabolic 1ntercon|versmns

Aof estrogens. Estradiol and Estrone are freely

interconvertible, while conversion of Estrone

&
estrone values (as measured in urinary e:lcretions)

crease only sl)igkhtl_y,’ starting -with day 1:68_
with final values at *term around 2 - 3 jug per’' .
24 hours. A rapid m{se- in estripl‘values‘begins
at, da&140 with final urinaryi excretion vnalues‘\‘
ofl 20-40 ;)19 per .?j4 hours being obserjvea at

o s
term (details in Fig. 13). . Co :
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‘ in early pregnancy is of the &rder 2:1 while in the latter

ab

[ . ‘ . 4
the most rapid increase in pregnancy as compared.to estradiol

' ' N
and estrone. The ratio of estriol to estrone and estradiol

part of pregnancy this ratio increases five-fold ,in favour

of estriol. At term, the urinary estriol concentrations have
’ ' ,

been shown to range from 10 to 50 mg dail§51. This is graphically

depicted in figure 13. In recent years, there has grown
accumulating amount of eviéencq suggesting that the de
n?vo synthesis of estrogens does not ocgur in %he plagenta. As
is probably the case, sgbstancés synthesized outside‘thé

élacenta, in both foetal and maternal éndocrine glands, serve

as precursors for the placgntai estrogen351'94'll4. The e ¢

v

principal estrogen biosynthetic pathways and their ihterelationship

between the mothker, placenta, and foetus are depid%ed in ,
) g |
figure 14. Maternal and foetal dehydroepiandroé%erone sulfate

.

(DHAS) has been proposed as the precursor for placental
estrone and estradiol. Active placental hydrolysis of maternal
and foetal DHAS results in the fprmatioh of dehydroepiandrosterone

(DHA) in the placenta Yhich is then converted to androstenedione,

androstenedione being freely reversible and interconvertible

with testosterone. Aromatization of androstenedione, the

©

process of which is not fully known, results in the formation
> .

of estrone ‘which freely interconverts with gstradiolll4.

\

The observation that both urinary and blood estriol lewels

fall immediately following foetal intrauterine death gives ’

a further impetus to the possibility that the foetus provides

\ 1

1 i
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Figuré 13 Urinary excretion of estriol and estrone -

plus estradiol throgéhout pregnancy. (after Gold5

4

1

)
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Figure 14
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precursors for estriol syntheéis in the placenta. Magendantz

94 have isolated a possible estriol precursor, 16%¢-

‘

and Ryan

- hydroxydehydroepiandrosterone fgom unbilical cord Plood and

this steroid was shown in vitro to be converted to estriol

16 - OH - androstenedione—s estriol. Thus both the mother

and foetus must be taken into consideration in estrogen

.
! k]

biosynthesis since an'intricate interelationship exists
¢

between them and the placenta. :

Urinary estriol excretion in pregnaqpy‘is now an
I
J oo ¢ [
accepted evaluative method for monitoring the ‘progress and

t

‘well being of the foetus. Studies estimating the urinary

estriol congentrations in-cases of complicated pregnancies ,
{

" 6,63,147

g \
are found iwithe literature . The results of these

L : .
in the placenta by the sequence: DHAS — 160¢- OH ~-DHA —

.

. by ’ . ‘ .
studies strongly suggest that abnormal gestations are accompanied

with low urinéry estriol levels. Since a normal foetal-

placental-uterine circulation and foetal-maternal function

\

are' a prerequisite; for normal urinary excretipn rates during

pregnancy, any interruption in these interelationships will

ultimately result in varying urinary estriol levels. Work

53,54

done by Greene has shown that when the urinary estriol

&

excretioh reaches the value of 12 mg/24 hours (or higher)

-
within 48 hours of delivery, ch can expect a healthy foetus

except for cases of eclampsia or e%ythroblastosis fetalis.

When the excretion falls into the range bétween 11.9 and 4.0

mg/24 hours during the last four to six weeks of pregnancy, .

N - e
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) this indicates either a small infant or one in jeopardy.
With values in this range, neonatal morbidity and mortality
mgy be encountered. Estriol excretions of less than 4.0 mg/,
24 hpgps gftép;the thirgy third week of gestation are\almost~
l un'éormly assoﬁiated with foetal death. When estriolTfalls
elow 4.0 mg/24 hours, termination of pregnancy is considered,
provided; the foetus is of such size that it can tolerate

an extrauterine\environment53'54. Bernhard and Pfeifer®

claim that a consisté;t urinary estriol decline to more than 30%
s indicates placental insufficiency and dysfunction. An estrioi
titre of less ﬁhaq 1 mg/24 hours would appear prognosticall}
unfavourable ang indicates an irreversible placental
dysfunction and foetal death,Lundwall and Stakemann92 have
aléo quoted diagnostically unfavourable urinary estriol
‘absolute values in cases of postmaturity: urinary estriol
concentrations below 16 mg/24 hours indicate foetal stress
and call for immediate delivery, either by a Caesarean ;
section or by labour iﬁduction.\ A study‘by Bengtsson and‘”
Forsgren4 demonstra%edkﬁgat in all cases of spontaneous
abortion witﬁf%oetal death‘stgdies, a sharp dré% in estriol

excretion océurred twenty four hours after intrauterine

2 ‘death'which thereafter decreased slowly to very low values.
A | ' . d) The Effecﬁs of Estrogens on the Concent¥ation of
Serum Copper . \
\ ~© The significant rise of matern‘al serum copper in
80

» normal pregnancy was first reported by Krebs in 1928_




qas since been well documented76'82’;09. Neither the

significance nor the exact mechanisms accounting for the
elaborate increases in serum copper concentrations in
pregnancy, are completely'ynderstood; and the maternal
pregnancy hypercupremia sEill remains a subject of contro-
increase'in the amount of hor%pnes synthesized b§ the placehta .
during pregnancy, namely the estrogens, that are in part
résponsible for the elevated serum copper concentrations. In
cer%ain diseases estrogen therapy has been deqonstrated to

121

increase serum copper levels . Administration of estrogens

and androgens in the form of estradiol benzoate and testosterone

increased their sefumﬂcopper content, which returned to normal

preadministrative levels only eight weeks after discontinqétion

of estrogen administration77. Pre§ious studie326’60'107'129

have also clearly demonstrated a significant rise in serum

copper levels in wonen Eaking éral contraceptives contain%ng
. an estrogeri, with a high correlation being established-

- beﬁweeg the serum copper and ceruloplasmih levels

in these females (figure 15). A high correlation was also

{t
found to exist between the ceruloplasmin and serum copper’

< concentrations in the different stages of gestation during
1

) B pregnancylzg. it thus appears that ‘the placenta, through ‘

the endogenous secretion of high amounts of physiologic

'estrogens, is of vital necessity for the marked hypercupremia .

“
< ~ S

. B N
propionate to healthy geriat;%é patients significantly . ‘

versy. It has been postulated however, that it is the physiological
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observed in pregnancy. The estrogens found in oral contra-

v

ceptives and those na€urall§ secreted by the placenta
somehowrappear to actlve1§ stlmulate the rate of ceruloplasmln
synthesgis in the maternal liver. The increase in ceruloplasmin
synthesis by estrogenS/ﬁccurs independently of the hepatic
copper content and thefestrogen action sites appear to be

not only limited to uterine cells, but may be found on other
/tissues and cells, as has been demonstrated in the liver of
fowll32. Althoughxradloactlve copper experiments clearly
indicate that lncreased ceruloplasmin synthesis accompany

elevated estrogen levels, the converse situation was shown i

£
not to be true. Decreased tissue estrogen levels accomplished

by oophorectomy did not alter serum ceruloplasmin concentrations,

indicating tﬂat the synthesis of ceruloplasmin is not dependent

/
' 44

on estrogen production. The mechanism of estrogenic

stimulaéion o? ceruloplasmin synthesis has been proposed

by E(rans44 and is based upon the operon concept modg} of
Jacob and Monod. Estroggn may be considered to act as an
"indecer" for the synthesis of ceruloplasmin RNA templates
which subsequently elevate the concentratiqn of the agerulo-
p;ésmin grotein. However, -this pfoposition remains still to
’e elaborated ﬁpon since Evans did not specify for which =
’protein, either the copper free ceruloplasmin precursor /
apo?eruloplasmin or the actual cerulopl§smin molecule was
there an increased QYnthesis of RNA templates. Nor did he

mention whether the increased synthesis of RNA templates was
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Figure -15 Corre-~lation between serum copper and ceruloplasmin
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also accompanied by or independent of the rate of "charging"
the apoceruloplasmin molecule with copper ions in the hepatic
microsomes.

2. Umbilicai Cord Serum Copper Concentrations at Delivery

3

A) Normal Pregnanéx |

The mean umbilical cord serum copper concentration

1

of 49.42 pgt (S.D. ¥ 18.66) obtaired in our study of 100

normal pregnancies agrees with the values of 55 pg %131

and 50 pg %159 reported by other authors. Hénkin65

a lower mean value of 29 pg %.

1

observed

The mean umbilical cord serum copper concentration
at delivery in our second study (Study II) was 63.51 ng %
(s.D. ¥ 27.35), (figure 16). The frequency distribution
of the normal umbilic;l cord copper levels are‘:illustrated
in Table 8. It can be seen that 71% of all the casés fell
in the range of ?d - 79 pg ¥. Twenty nine percent of the.
total observed cases had serum copper levels ranging petween
80 - 130 pg %, with only 6% of the values exceeding 110 ug %!
Thus the cogper content in the blood of the umbilical cord
in normal péegnancy, whether from the umbilical artery or
vein, is approximately four £o five times lower than in the

maternal bloodlosaﬁ

B) Premature. Labour

In the 7 studied cases of prematurity, the observed

mean cofd serum copper content of 42.83 pg % (S.D. 4 26.05)

was lower than control values (figure 16). Schenkerl3°, on
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and in various conditions.
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Mean Umbilical Cord serum copper concentrations

{(pg Cu/100 ml serum) at delivery in normal pregnancy
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Table 8 Frequency distribution of bmbilical Cord serum.
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copper levels at delivery (pg Cu/100 ml serum).
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tt@“‘other hand, did not observe any significant .difference

between ,the umbilical cord copper levels in normai and premature
%

births. In our present study, six out of the total seven
. cases observed fell within fhe 20 - 79 pg brackét and

only one\caSe had a’xcopper concentration e);geeding 79 pngs. -
An explanation ‘a;s to the slight hypocupremia obseryed in

the umbilical cord s‘;rum copper content of premature infants

ma'y be postulated in part from a study of Linder and Munrogl.

They advaﬁce that "considerable quéntities" vof copper are
transferred from the mother to the foetus towards the "end"
of pregnancy. However, they did not quantitatively determine
the "end" of pregnancy, whether it be at the commencement
of ‘the third trimester or whéther they meant the final )
gestational week that the ext\epslive transfer of copper-occurred.
A decreased umbilical cord serum copper content in premature
infants could mean that this transfer of maternal copper to

the foetus had not yet occurred at ‘the tix‘x\\e of tl:1e préﬁature
delivery. It ié logical t:,o assumé that a large.transplacental
‘ copper t;ransfng would result in increasing levels of copper

in umbilical cord serum. As premature birtl;s in t;1is ‘study
occurred between the thirty third to thirty sixth week of
taltion. it may be pogtulated that the "extensive"

!

tr wr of maternal copper to the foetus via the placenta
- . . oo
-occurs 'pnly after the thirty sixth gestational week.

C) Postmaturity

In the 13 cases of postmaturity studied, the mean

-
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umbilical cpord serum copper concentration of 69.30 pg % ' . o

;]
) (s.p. ¥ 15.03) was recorded. This is slightly higher (9%) -}

+ than in the control subject;. Schen}ce:r:]’30

found a 10%
increase®of cord serum copper (65 pg %, §.D. ¥ 15.60) in
his cases of pos(tmaturity, althdugh he ido not attempt )
to e;cplain this increase. It is probable. that the already
\ mature foetus in utero has an inére;sed abi~lity /to “syxfthesize
anq release ceruloplasmin into the blood stream. As yet,
nobody has ‘determined the cerulqplasmin vs "direct-reacting”
copper cbnceqtratiOn rf.\tio in the cord 8erum of postmature °
infants. This would give an insighﬂt into ftha validity of
our ﬂsuggestion. Examihation of Table 8 réveals that mor\e
than half (62%) of the cord serum copper‘ values fall within
the 50 - 79 pg % bracket whi.lé only 38% <;f.th§ normal values !
i fel\l within this rar;g‘e.‘ Thus, unlike n?rmal preg;ancy, N
there appears to be a more specific concentration range s
‘(5(/) - 79 pg %) where the cord serum c&opper valueé fall in
postmature cases. Comparitive examination of the standarxd

&

deviations (t 27.35 in normal pregnancies vs ¥ 15.03 in

o i

postmature cases) further upholds this- stétemeqf. !
. &
hes (B.R.M.).,

D) Tbxaemia, Premature Rupture of the Membr

and Maternal ¥ron Deficiency Anemia

In cases of pregnancy complicated by toxaemia,
[

] premature rupture of .the membranes, and maternal iron

L4

@ deficiency anemia, the mean umbpilical ceord serum copper
concentrations of 62.17 pg % (S.D. Y 31.02), 60.33 pg %

L]

¢ ) | \
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(S.D. I‘24.98), and 65.37 png % (s.D. 30.74) respectively

were not significantly different in comparison to nggmal
‘ .

pregnancy (figure 16). The frequency distribution of

umbilical cord serum copper concentrations in these conditions
with respect to the controls were similiar and no significant
variafion was observed to occur in any bracket range.

These findings agree with those of Schenkerl30, who found

s e R T R R R T
/
-

no significant differences in/the umbilical cord copper
levels in toxaemic patients and those with premature rupture

of the membranes with respect to normal values.

E) Foetal Copper, Levels
i

a) Blood Copperf A

i \ *
According to our studies, no significant correlation

a

(Pearson product moment correlation coefficient, roe-- 0.05)
was found ;o exist between the maternal serum copper levels
and the umbilical cord se;Pm copper concentrations in normal
pregﬁancy.~\?he increases of maﬁernal serum copper are due
exclusively to an increase in the synthesis of ceruloplasmin,
with the direct-reacting pool of serum copper remaining fairl&
constant throughout pregnancy. Since no correlation was :
established between the elevated maternal serum copper, or
ma;nly ceruloplasmin concentrations, and the foetal serum
copper cogcentrations, it appears reasonable to assume that:
the constitution of foetal serum copper is largely composed

~. 0f the albumin complexed direct-reacting coppef. Increases

; or decreases of ceruloplasmin concentrations do not appear
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:0f 30.5 pg % copper in the foetal serum, 22 pg % was bound

to change the serum bopper‘cénstitution of the foetus. This

finding lends support to the findiqg of Henkin65 that at

term, the percentage of direct-reacting copper in maternal

serum was 9% of the total serum copper whilst 91% was accounted \\\\

for by ceruloplasmin. In the case of the foetus, '21% of
the total serum copper was in the form of free "ultrafiltrable"

copper while the rest of the serum copper remained in the

bound form. Scheinberglzﬁ estimated a slightly higher percentage

of direét—reacting copper in foetal serum. Out of a total

to cerulopiasmin whereas 8.5 ug % (28%) wasﬁfree. Quantitative
J \

enzymatic determinations of ceruloplasmin i& the bound

fraction of foetal serum indicated that in the foetus, as

v

in the mother, almost all bound copper is caRried by By
ceruloplasminss. These results indicate tg;ﬂﬁquantitatively,
foetal serum binding of copper is not sigﬁlficantly different
from that of normal adults. Howegg;ggég; presence of high
copper concentrations in many foetal tissues in comparison |
to normal adult values would seem to ;ndicate that specific
differences in foetal tissue metal binding (i.e., mitochondro~
cuérein) do exist. | o

M In the case of the foetus, thé situation is converse
to the hypercupremia observed in the mother. As Table 9
demonstrates, the concentration of maternal serum copper

at term (250 pg%) is approximately ﬁive‘times higher than that

of the newborn. It is puzzling and yet unknown why the total




copper concentration in the serum of the immature foetus

13

(200 pg%) should‘be so high in comparison to the values encountered
in the full term mature foetus. The marked difference in

maternal and foetal serum copper concentrations is due to

the relative concdentration of ceruloplasmin on either side of

the placenta.—-Henkinss’66

has demonstrated tha? alghough at
term the, total serum copper concentration in mothers was
approx%mately twice the normal nonpregnant level,‘the mean
concentration .of unbound direct-reacting copper was not
significantly different from'the levels in nonpregnant women
(Table 10). Other studies135 have demonstrated that it is
the albumin complexed direct-reacting copper that accounts
for the yreater proportion of total plasma copper at birth in
comparison to 8% or less in the plasma of the adult. Since
the concentration of total "free" plasma copper is not signi-
ficantly different on either side of the maternal-placental-foetal
gradient, the observed foetai hypocupremia is not due to V
the reductioh in the leQels of direct reactinq copper but

is due ;o a substantial decrease in the concentration of
ceruloplasmin. The low serum ceruloplasmin concentration

in the féetus may be explained by the relative incapacity

and immaturity of the foetal liver to synthesize the copper-

bound ceruioplasmin moleculegl. It was originally believed

i

that the foe£al liver was nonfunctional in the de novo biosynthesis
of ceruloplasmin, lacking both the ability to synthesize the

i

apoceruloplasmin precursor for ceruloplasmin and to subsequently
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"charge" the apoenzyme\with copéer ions in the hepatic
microsomes. Recent evidence however, indicates that in the
case of the human infant the concentration of the precursor
apoceruloplasmin in blasma is similar to the.concentration
present in normal adult plasmal35. This indicates that the
hepatic capacity to synthesize the apoprotein is not hindered
in the foetus, but that onl} the ability to charge apocerulo-
plasmin with ionic copper is "underdeveloped" at birth. The \
low ceruloplasmin cohcentration of foetal sefum may also be

attributed to the existing placental barrier which does not
- \

allow the passage of the large ceruloplasmin molecule;

only the direct-reacting copper is transferred to the foetus45'65.

During the first week after birth, the concentragion of copper
in,heonatal serum increases from the newborn level of 50 to
150 ng/100 ml serum; the ceruloplasmin level, measured by

its enzymic activity, demonstrates a sixfold increase. After
the first week, the concentration of copper falls again to
approximatelylloo ﬁg/lOO ml serum and remains ag that level
throughout childhood and adult iifesg.\\

B) Total Body and Hepatic Copper

The foetal liver is the hain depot site for the
copper transferred from the mother. It contains more than
half of the total foetal body copper (average 7 mg$ és/
compared to 0.75 mg % in adults). lThis foetal hepatic

copper accumulation occurs in association with mitochondro-

cuprein, which isuunique to foetal and neonatal life and




- 102 - ' ‘ //-

! Foetus
 Immature Full Term Mother
Fe 46 160 60
Cu 200 50 250
Zn 300 - I25 . 70
Table 9 Iron, coﬁber and zinc in maternal and foetal
serum (pg/100 ml serum). (after Widdowsonlsg)
/ LY
| J
\ Nonpregnant Pregnant
| | (ug/100 ml)
Serum copper T )
Bound 94 203
 Free w0 13%2 18 + 2
Total 107 + 38/ 222 + WY

Table 10@ Comparision of serum copper in nonpregnant and

\

r

65,

pregnant women. (after Henkin ~)

a
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accounts for a large percentage of thé total copper present

in the liver. Because of its specific high affinity towards
copper, it binds and incorporates the transferred maternal

copper and thus prevents tpe copper in the foetal liver frém g
reaching toxic levels. Ndonatal mitochondrocuprein is‘'a (‘
highly ingoluble protein céntaining a large amount of cysteine -
groupir/giZPably in the fqrm of disulfidéfbonds and contains
about four percept copper. It is pfobaply madé‘gp of peptides
of a molecular weight similicar to the copper containing

enzymé, dytocup;e%nlls. Twenty percent of the hepatic copper

\is localized in the nuclear fraction of parenchymal éells,

which declines to 9% in the adult. The remainder of the !
hepatic copper is distributed throughout the soluble cytosol

and otper"cellulaf organelles. Postnatally, at 60 d?ys of

age, the infant .attains the adult levels of 20% of total

liver copper in each of these fractions, with the now most

abundant cytosol"fraction accounting for an approximate 50%
: \

of the total hepatic copperllﬁ. l i

The total body copper of infants is significantly

‘1 higher than in mature adults. It can be seen from Table II
that the copper concentration in the full term human foetus 7
. - J
(0.47 mg Cu/l00 grams fat-free tissue) is about three times

as high as in the/normal adult (0.17 mg Cu/100 grams fat-free
159

. e~ et . tr— e n St an o

tissue) . The extensive ‘maternal-foetal copper transfer,

esﬁecially in the third trimester of pregnancy, accounts

for the high copoentratibn of copper in the newborn. An ‘
/ ‘ | ‘ :
LN
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AN f

. upper limit for copper accumulation appears to exist, at

|
least in rats; this is not exceeded wﬁ%n large amounts of ‘

copper are added to thg/giet42.

159

Widdowson has studied the intakes and excretions /

of copper in normal human infants and found that on the //
/ ! (\x‘
average, infants were in copper balance. A relationship

was established between the dietary .intakes of co

| 3 I’} /
the babies with the highest copper intakes excreted the most

milk and the amount of copper that was creted Qh the faqeces; _
copper in the faeces. Nonsignificant ﬁegatiVe balances

were occasionally observed and were always due to high faecal
excretions of coppeé and not to urinary copper excretions,
urine containing negligible amounts of copper. It is suggested
that constant homeostatic mechanisms\afe already functioning
early in life which maintain the copper in the body in a
constant equilibrium. Thus,. copper 1ossés and gains may.

be easily replenished and excreted from the normal diet.

It would appear that nature has provided a mechanism

to prevent the development of cgpper\deficiency during{ the

period of life when little coppér is provided in the diet.

/

Milk, being the almost exclyéive dietary supﬁly of the neonate,
contains a low copper coqcéntration (0.08 - 0.18 mg Cu/litre
undiluged milk)83 and gs/such a copper deﬁiciency could
.develop)in infants ?n a‘milk diet low in copper. Considerable
quantities of matgrhaIACOpper are transferred to the foetus

during the termihal stages of pregjﬁngx\gnd substan?ial
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Foetus. Full Term

20 Weeks " Newborn
Gestation |
/ 5.80 9.40
0.32 | O.47
\ 2,00 1.90 o

Relationship between the goncentfation of iron,

*\copper, and zinc\in foetal and adult tissues

(mg/100 grams fat-free tissue).
(after Widdowsonlsg)

+*%

7.40
0.I7
2.80
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portions are retained in the-liver in association w?th
mitochondrocuprein. puring suckl%ng, the low dietary intakes
of copper result in the removal of thggwtored hepati; copper
which is then iﬁcreasinglyltfansferred and incorporated into

plasmaJéeruloplasmin and other essential copper containing

enzymes. During the edrly postnatal period, the pepatic

'mitochondrocuprein is still present in the parenchymal

‘mitochondria. With increasing age of the infant, induction
of adult proteins by "basic mechanisms which are common to
many adaptive processes within the complex mammaliam
organism” occurgl. An ove{all schematic representation of

copper metabolism in pregnancy is depictéd in figure 17.

3. Placental Copper Concentrations at Delivery

The full term human placeQ:a measures from 15 to

20 centimeters in diameter, is 2 to centimeters thick, an&
1

weighs between 500-600 grams. The placenta can be divided
[

into both foetal and maternal portions. The foetal portion,

coﬁsistiﬁg of the chorion frondosum with villi, is covered

witﬂ’amnion underneath which run the branching vessels that

enter and leaye the umbilical ésrd. The external surface
attached to the uterué and divided into irregularly shaped
cotyledons is the maternal portion of the mature p}acenta.
The function of the placenta is to serve as an*organ for the
synthesis, degradation, and transfer of substances between
mother and foetus. It is thus a basic foetal support system

responsible for ﬁhintaining exctretory pathways. . At the same

1

\. . ' //'{
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time the placenta provides the foetus with a physical and
chemical barrier against certain toxic agents and
microorganisms that would be lethal to the developing
56,130 "

foetus

A) Normal Pregnancy r

i

The mean placental copper content at delivery in

our series was recorded as 8.45 pg/gram dry weight (S.D. z

2.52). On a wet weight basis, because of dilution of
copper, the mean was calculated as 1.52 pg/gram (S.D. *

0.45), (figure 18). . It hppears therefore that the placenta
has a higher copper content.than most orgad?. Acccfding to

Tipton and Cook150

, who have not measured placental copper,
the only organs which contain higher copper concentrations are

the brain (21.9 pg/gram dry weight),\liver (18.8 ng/gram dry

v\\\veight), kidney (11.9 ng/gram dry weight), heart (14.0 pg/gram

dry weight), duodenum'(lo.S pg/gram dry weight) and jejunum
(8.97 pg/gram dry weight). It may be seen from Table 12 that
83% of the cases had placental éopper concentrations inr the
range of 4.0 - 9.9 pg % on a dry weight basis. Seventeen
percent of the values,ranged between 10.0 - 1670 ngs.

5) Premature Labour

In 7 cases of prematurity with deliyery occuring
between the thirtyp£hird and ;hirty sixth gestational
week, the mean placentél copber concentration was recorded
as 10.15 pg/gram dry weight (S5.D. L ;.4?), (figure 18).

This mean is significantly (20%) higher than that of normal .

<
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Schematic representation of copper metabolic

v

pathways’' in pregnancy.

.

/ ¥

7o

b
(after Linder and Munrogl)




&

pregnancy. The values in all cases,feil in the range of
]

7.0 - 12.9 pg % and in 4 of these cases the values were

over 10 pg%. Thus the frequency distribution of pgacental

copper concentrations in premature births was more specific

(Table 12). | .

A}

C) Other Conditions (Postmaturity, Toxaemia, Premature

Rupture of the Membranes)

1
Placental copper concentrations were measured in an

additional 28 cases, including postmaturity, toxaenia, and
prématuie rupture of the membranes. The mean values obtained
did not differ significantly from those in normal pregnancy
(figure lB)b These included 13 cases of postmaturity .

(8.72 ng%, S.D. s 1.63), 6 cases of toxaemia (9.110 pg %,

s.p. ¥

r 1.88). If these 28 cases were added té

(8.29 pg %, S.D.
the 106 casebs of normal pregnancy, the frequency distribution
of placental copper concentrations would not be significantly
changed (Table 12).

D) Source of Placental Copper and Mechanisms for

Maternal-Foetal Transfer

The above data permit some evaluation of the
_possible role of the increase of copper in pregnancy. It
appears certain that the placental copper concentration does
not reflect the maternal serum copper values; Although the
maternal serum copper values are increased in toxaemia and

)l
decreased in cases of premature rupture of the membranes

»

£ -
2,

2.80), and 9 cases of premature rupture of the membranes
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Mean Placental copper concentrations at term

. - ,IlO -
GROUP NO, OF CASES  MEAN PLACENTAL LEVEL  MEAN PLACENTAL LEVEL
v {A9Cu/gm DRY WEIGHT) (a3Cu/gm WET WEIGHT)
. ®
NORMAL PREGNANCY ' 106 8.45£2,52 1.52$0.45
PREMATURE LABOUR SR | 10.1521.48 1.7310.39
TOXAEMIA 6 9.11£2.80 1.69£0.68
POSTMATURITY 13 8.7241,63 1.60£0.36
PREMATURE RUPTURE OF THE MEMBRANES 9 8.29t1,88 1.4820. 42
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Table 12 Frequency distribution of Placental copper
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and postmaturity, the placental copper concentrations in

these conditions remain within normdal limits. In premature
labour, the maternal serum copper values are decreaséd and
the placental copper ig ipcreased. It appears logical

to assume that the placenta-conpentrates copper for the purpose
of transférring'the metal to the foetus at several staggs
of pregnancy. Singe plasma ceruloplasmin does not wholly
account for the plécentél copper constitution, other forms
of copper are probably also associated with and stored -in
the placenta. These forms of copper may possibly cpnsist\
of the‘maternalIdirect—reacting copper retrieved from>the
plasma or of copper éoptaiﬁing enzymes.

The\firsﬁ source of copper which possibly contributes
to the copper~content of the placenta is the maternal direct-
reacting copper pool. Controversy exists concerning the ‘
mechanism of maternal copper transfer to the foetus.

65,66 has postulated a "copper transfer" model in

:
[

which only the direct-reacting éopper is available for the

Henkin

‘unidirectional maternal-foetal transfer of copper. Coﬁber

.

tranéferred to the foetus éppears to move-across the plaéenta
by passive transfer with an existant maternal-foetal gradient
of 13 pg/100 ml plasma. We believe that it is important

to determine whether the copper in transfer was still

loosely bound to albumin in its preexistant maternal §%ate,
whether the copper became associated with some other unidenti-

fied substance, or whether the copper became freely ionizable
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in course of the tiapsfer. Taradaiko144 has carried

out copper determinations in the umbilical artery and vein

and in retfop}acental blood. He agrees with Henkin65 )

that only the copper not bound to--€eruloplasmin is transferred

1

from the mother and is found in the umbilical cord blood.
However, Taradaiko concludes that maternal copper does not
appear to cross the placenta by passive diffusion but that
copper accumulates in the placenté and is transported to

the foetus by an active transport mechanism according to
foetal needs. In our study of premature labour, the higher
placental copper leles on the maéernal side concomitant with
lower foetal serum copper concentrationsyﬁould appear to
indicate that the placenta is "holding" the copper stores

for the foetus. This "holding" of copper stores would seem

to contradict Henkinses’66 proposal of passive placental

diffusion of copper and indicate that direct-reacting copper

o

is stored in the placenta, which would support the proposal

c 144

of Taradaiko that copper is actively transported to the

a,
foetus.

A second, though small, source of placental copper

137

may be the copper containing enzymes. Southren ]/has shown

that one such enzyme, diamine oxidase (DAO), is markedly
4 N - .
increased during gestation. It has also been suggested by

138

Southren that the increase of DAO levels is due to an

increased production of a speciffc amine by the foetus,
possibly a histamine - like compound which acts both as
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éﬁl inducer and natural substrate for the enzyme. DAO actively
deaminates histamine and other diamines, which in their
undegraded'form could act as potentially' harmful agents to

the developing foetus; therefore a self-defensive mechanism .

on &he part of the foetus can be assumed. Southren137

has
demonstrated that the placenta is the site of DAO synthesis,

more specifically the retroplacental decidua, which synthesizes

" the enzyme and secretes it into the plasma. , Thus at least

part of the placental copper content may be attributed to
the presence of diamine oxidase. *

Our studies do not answer the question of whether
the concentration of "free" copper in the placenta occurs

gradually throughout pregnancy or whether it only occurs in

the terminal stages of pregnancy to supply the mature foetus

" on the way to begin a separate existence. It appears to

be more logical to assume that some regulartory mechanisms

[
exist in the placenta, which permit a moderate supply of copper

o

to the foetus during gestation with the massive transfer

occuring after the thirty sixth gestational week.

.. ) -
4., Maternal Iron Deficiency Anemia

Approximately 95% of the anemias encou?tered in
pregnancy are due tJ iron deficiency. The incre;sed demand
for iron imppged bg the foetus combined with a frequently
inadequate d;et and initially insufficient maternal iron
stores at the onset of pregnancy may lead to a microcytic,
hypochromic iron deficiency anemia. The total iron requqrement

during pregnancy was established to be about 800 mg, including

[
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5q0 mg éf iron nécessary for the mother for expansion of
erythrocyte volume plus 300 mg required for the mature foetus
and placenta; an additional 50 mg of iron lost in blood during
the parturition sﬁould be replaced (figure 19). oOut of the
total 3500 - 4000 mg of iron normally present in the adult,
circulating hemoglobin accounts for apﬁroximately 70% of

this total while 25% is stored as ferritin in the bone

marrow, spleen, and/iiver. To maintain an adequate supply

of iron for the increased metabolic needs of pregnancy, a-
daily dietary intake of eigﬁteen milligrams of iron with an

-

additional daily oral or parenteral medicinal administration_ .
of 30 - 60 mg elemental iron should be followed56’130. Foods
high in iron content include liver, egg yolks, oysters, and
nuts; it should be remembered that these ingredients are

also of high caloric content and therefore are not always
recommended.

In the 9 cases of maternal iron deficiency anemia
included in our study, the mean maternal serum cofper concen-
tration ,of 280.37 pg % (s.0. ¥ 47.07) was higher than the
normal mean of 257.91 pg %. The mean umbilical cord serum
copper concentration of 65.37 pg % (S.D. t 30.74) was not
signifibangly different from the normal mean of 63.51 pg %
observed in other cases. All cases of anemia had hemoglobin
concentrations of less than 10 gm/100 ml serum (mean 9.2 G %)
and a hematocrit of 30 percent or less, these criteria g;nerally

being' accepted as indicative of maternal iron deficiency

A
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anemia. Wajcicka157 observed an elevation of maternal serum

copper in a two-fold increase when compared to that observed
in normal pregnancy. It appears that higher maternal éerum
copper concentfations concomitant with decreased maternal
hemoglobin concentrations represent a possible relationship
between these two values. We found that a statistically
significant inverse correlation (correlation coefficient,

r =-0.82) exists at term between the maternal serum copper
concentration and the maternal hemoglobin level. ‘

A) Relationship between Ceruloplasmin and Iron

" /
Metabolism 1 ’ .

Recent evidence indicates tLat ceruloplasmin, more

recently referred to as ferroxidase, is involved both in
|

vivo and in vitro in iron mobilization and in the rate of

ferric~transferrin formation, which ultimately results in

biosynthesis of hemoglobin47'llo. Storage iron in tissues,

in the form of a ferric-ferritin complex, is released from
/

within the ferritin protein "shell" -by a reduction of the

attachéd iron from the ferric to the ferrous state. Divalent

iron is then released into the plasma47. The known preferential

binding of iron free apotransferrin to ferric iron is achieved
A}

I

by a reoxidation of Fe II to Fe III in the plasma. The
proposal by Friedep47 and Qsakillo states that ceruloplasmin
is the enzyme responsible for the oxidation of\ferrous to
ferric iron in the plasma. The ferric form may bind with

apotransfFrrin to form the iron transfer molecule, transfeyrin,
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which distributes iron to all tissues. Some evidence

L)

exists supporting this hypothesis. Ascorbate in the plasma |,

is a sufficiently potent reducing agent that can spontaneously

47 \ 64

convert any ferric iron to the ferrous state. Helbock

at in the absence of ceruloplasmin, the rate of

(

iron oxidation in the plasma would not be "adequate
the ferric - transferrin demands of thgwerythroid
marrow cells for the biosynthgsis of hemoglobin and other
iron containing .proteins. Further experiments in vitro 3
demonstrated that the cerulopiasmin - catalyzed oxidation-

of ferrous iron is ten to one hundred times faster/thén the

nonenzymic oxidation under conditions that may be expected

\

in vivo. The presence of 40 p M ascorbate was sufficient

" to retard markedly the net rate of the nonenzymic oxidation-
of ferrous iron, while an excess of plasma ascorbate was
found not to affect the ceruloplasmin - catalyzed oxidation

of divalent iron. It was furthermore postulated that

L4
ceruloplasmin, by enhancing the creation of significant

|
concentration gradients between intracellular ifton in the ,
1 |
storage organs and the iron concentration of the capillary ‘
system, may be partly.responsible for the movement of storage

47,110

iron to plasma. It was suggested that this is accomplished

by inducing a rapid efflux of iron from the reticuloendothelial

system64. A summary of the overall working hypothesis is

/mchematically represented in figure 20,

t
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In no other physiological conditions such a great

3 ! 4

demand and extensive utilisation of iron 'exists as in
pregnancy. A 15% increase in the maternal hemoglobin mass

and a 6% increase in the red blood cell volume occur in the
demands of, both foetal and maternal tissué oxygenationag.
Increased absorbability of ferrous iron in the mucosal gells

of the upper géstrointegtinal tract results in a greater
storage of iron in maternal tissués, particularly in thé
liver46. A highé} percentage of maternal transferrin saturated
with ifon may possibly be related to the elevated ceruloplasmin
levels of pregnancy. The increased ceruloplagmin levels.may
partly provide an increase in tissue iron mopilization as’

well as a faster plasma ferrous ifon oxida¥ion rate, ferrous
plasma iron alsé/being subsFantially increased from increased
absorption and from transport from storage soﬁrces. It

appears logical to assume that ghe greater saturation of
maternal transferrin during p;egnancy imposes a greater

demand for the oxidation of férrous to ferric iron in the
plasma. Since thig oxidation@}s presumably catalyzed by
ceruloplasmin, greater plasma concentrations of this copper
enzyme, biosynthetically induced by the estrogens in pregnancy, .

may be needed to efficiehtly handle the increased amounts
B

of plasma ferrous iron which must be catalytically oxidized.

As previously mentioned, the absence of ceruloplasmin under

normal conditions may result in an inadequate transfer of
110

ferric-transferrin to the bone marrow for hemoglobin synthesis
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In the case of pregnancy, where iron demands for hemoglobin
sgnthesis greatly exceed those of normal conditions, the
increased transfer of ferric-transferrin to the erythroid
bone marrow resultd from an increased coupling of ferric

ions éo apotransferrin, the latter presumably being

achieved from increased ferroxidase oxidation of plasma
ferrous iron. \Not only is there a greater demand for transferrin
by the maternal\bone marrow cells, but increased saturation
levels of maternal transferrin is of prime importance for

the transfer of iron to the foetus, since the mother's

plasma appears to be the only impértant source of iron for
the foetus46. Fletcher46 observed that the maternal transfer
of iron to the foetus via transferrin occurs extremely
rapidly. Within twelve minutes of introducing labelled iron
into the mothers plasma, it was detected in the foetus.

It appears that a high.and constang amount of “satufated"
transferrin must be readily available in the maternal plasma,
not only to supply the greater demand of maternal hemato-
poietic organs, but to make iron rapidly available éo the T
placenta for foetal transfer. This rapid and constant‘
availability of "saturated" transferrin can presumably be
maintained by increased ceruloplasmin concentrations which

"

accelerate the rate of ferrous to ferric iron oxidation in

the plasma and thus generate ferric ion availability for
\}

v

transferrin formation.

S

Our observations of a maternal hypercupremia and
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Figure 20 Schematic presentation of ceruloplasmin involvement

in iron metabolism. (after Osakilll)
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a statistically ‘significant inverse relationship (correlation

coefficient, = - 0.82) between maternal serum copper concen-

trations and maternal hemoglobin concentrations in cases of

maternal iron deficiency anemia may be explained on the basis
||
of the "ceruloplasmin - iron oxidation theary. Decreased
r N
concentrations of iron in maternal storage tissues in anemia

may result in a smaller than,normal amount of ferrous iron

that is made available to the plasma. Subsequently less

£5
ceruloplasmin may be needed for the oxidation of ferrous iron

to the ferric state. Since there is a qeficiency of iron
and not of copper, it would be expected that initially normal
levels of ceruloplasmin should be found in the plasma. A
decreased oxidation rate concomitant with lower plasma
ferrous ifon concentrations may result inlan equilibrium
shift wt;jﬂ\leads to a higher percentage of ceruloplasmin

not beiné reduced and degraded in oxidizing ferrous iron.
Thus, possib%y more free "unutilised" ceruloplasmin may be
found in the plasma, which may partly account for the
maternal hypercupremia_in .cases of iron deficiency anemia.

On the basis of thes% facts, it may be tentatively
assumed thit one of the main functions of the elevated
maternal plasma ceruloplasmin concentrations in pregnancy
is to increase the rate 6f ferrous iron oxidation to saturate
plasma tfansfefrin. A greater saturation of transferrin
with iron occurs not only to meet the éemands of increased
maternal hemoglobin éynthesis but to also maintain a constant

and readily available.supply of plasma ironiwhich is

\




e $. 85T
R

S

‘o123 \
oL
- 1 , '
available for the foetus by constant passage through the
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placenta. \ ’
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_ CHAPTER 5 -«

CONCLUDING COMMENTS AND SUMMARY

It is-well established that copper is an essential

trace element in all living organisms, due to its partici=-
pation in enzymatic catalysis, particularly with reference
to oxidative enzymes such as ;he cytochrome oxidases in
the respiratory chain. Environmental copper is present

in the soil, water, and atmosphere and thus invariably

in foodstuffs. Foods rich in phospholipids,‘particulariy
organ\meat57 contain high concentrations of copper and are
responsible for meeting the dgily nutritional requirements

-

in man and animals, ‘

Data on normal copper metabolism in man indicates that

the average daily dietary intake is in the range of 2 to

5 mg. Ingestéd copper is absorbed mainly from the duodenum
and upper jejunum. At least two absorptive mechanisms

have been postulated, in association with specific

proteinsi the superoxide dismutase and a "metallothionein"

protein. The presence of other transition elements,

inorganic sulfate, and calcium carbonate in the ingestinal

lumen interfere with the absorption of copper, either by

competitively binding to copper recepter sites or by

s

chemically altering the copper complex.

/ N

-




bound copper (60%) while 40% of the“copper is localized

o

Copper is found in two forms: a Firmly and a loosely

bound form, present in both tpe plasma and the erythrocytes.

. In plasma, the firmly bound copper is incorporated in

the ceruloplasmin molecule (93%) while the loosely bound
copper accounég for the direct-reacting copper (7@). In
erythrocytes, erythrocuprein accounts for the firmly

o
in the more labile "protein" fraction. The mean serum
copper concentrations reported are 109 pg % for men and
120 pg %_fpr women. No sex differences exist in the copper
concentration of erythrocytes. The caopper content in
100 m1 of packed erythro%ytes has beenv}eported as 89 ng.
Hypocupremia (as in hepatwolenticular degeneration and
nephrosis) and hypercupreﬁia (as in Hodgkin's disease,

leukemia, and bacterial infections) have been described

. to occur in association with various clinical conditions

in man. . |

Copper is metabolized in the liver with resulting
incorporation into ceruloplasmin, the physiological role

of which is not completely understood. The liver contains

s

10% &f the body coppes, with lesser amounts being

present in the .brain, kidneys, heart, and hair in that
. ’ {

order. The main excretion route for copper is the biliary

tract; renal excretion is responsible for a negligible

percentage (less than 1%). Copper deficiency and

sinssalh,
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tdkicié? states‘in humans are rare, due to the presence
of specific homeostatic mechanisms which maintain the
bodykéopper'withip constant limits. Because animals
lack such mechanisms, they are more susceptible to copper
deficiency and toxicity eéfects; Many naturally oézuring-
diseases iﬂ animals Rave been ascribed to copper defiency,
sﬁbh as enzootic nebnatal ataxia in sheep, as well as

several conditions due to copper toxicity. '

In the current studies, the m&ternal serum copper
concentrations were determined using atomic absorption
spectfoscopy technique in 206 cases of normal pregnancy
and 144 cases of pregnancy with various conditions,

selected from 2032 pregnancies. The mean maternui serum

I

i

copper concentration in normal preg%ancy at term was
recorded as 259.60 pg %. This is significantly higher

, ; 4
than serum copper levels in nonpregnant women, which was

found to be 117.38 pg %.

In cases of intrauterine foetal growth retardation, the é;
observed mean serum copper concentration of 183.44 ug %

was sigﬁificantly lower than the mean of control subjects.

o

In both premature labour and postmaturity cases the trend
ser copper concentrations was lower. This is
explainable by the fact that the peak of maternal serum

copper conceftration is reached at term, and therefore




o

sampling carried out before that'date will yield a

-
R

lower copper concentration. gimilarly in postmaturity

e a7

cases, the maternal éerum cépper levels begin to decline

| .
after term. These differences were not statistically

TR
S T B By T

significant when compared to those delivering at term.

b o &,

In cases of toxaemia and gestational diabetes, the maternal

* serum copper levels tended to be higher than normal. 1In

e B owoal

these cases, subliminal liver changes may be responsible

for the increased release of copper into the circulation.

! v

6. The copper concentrations of umbilical cord serum as ;

- well as placental copper levels were determined :in 106

cases of normal pregnancy and 44 cases of %regnancy with

LY
various conditions. The mean umbilical cord serum

concentration in normal pregnancy was recorded as 56.45 pg.§$
which is approximately 5 times lower than the maternal
| .

serum copper conaentration at term.

In cases of premature labour, the observed mean umbilical
A ow -

-

~ cord serum copper content of 42.83 pg % was lower than
AN

3 .
in the controls. This may be explainable by the fact

Vod that the extensive transplacental transfer of maternal

S RAS de et T T e s

copper to the foetus had not yet occurred at the time o

-

W -

premature delivery. In postmature cases, a 9% increa
;éZ

in the umbilical cord serum copper content as compa

@

;
v

i)
!
to normal pregnancy was observed: the already mature ; g
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foetus in utero may be commencing the biosynthesis of
ceruloplasmin. The umbilicai cord serum copper concen-
tration in cases of toxaemia and maternal iron deficiency
anemia did not !deviate signi%icantly from the mean of

normal pregnancy. i - J |

o

The mean placental copper concentration in 106 cases
of normal pregnancy was found to be 8.45 pg Cu/gram dry

weight and 1.52 pg Cu/gram wet weight.

A\

In premature births,lthe mean élacental copper concentra-
tion of 10.15 pg Cu/gram dry weight was higher (20%)

than that of normal pregnancy. In cases of toxaemia

and postmaturity, no significant differences in the
placental copper levels were observed when compared to

normal-pregnancy.

Some postulates may be suggested as explanations of the

data recorded in our studies. A significgntly lower value

of maternal serum copper was observed in cases of intrauterine
foetal growth retardation; this may be related to ?lacental
dysfunction, alterations in the foetal—placeﬁtal~materna1

\

metabolic interelationship or to quantitative decreases

of:eg&;ogenic secretion by a small placenta. The

reduction in the amount\of estrogens secreted by the

\
placenta may result in a decrease of ceruloplasmin

\
synthesis, since the induction rate for ceruloplasmin RNA
¥ | '
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templates would be reduced by the lack of sufficient

levels of estrogens. The maternal hypercupremia of .
toxaemic patients may be a result of hepatic damage, )
not recognizable clinically, with release of stored copper
into the blood stream. In gestétiénal diabetes, which is
often associated with toxaemia, the slight mater&al
hypercupremia may also result from hepatic damage. In
premature births, the maternal hypocupremia is probably
explainable by the fact that serum copper concentrations
reach their peak levels at term; Eherefore sample
estimations before this date should yield lower values.
Similiarly, the maternal hypocupremia of postmature cases
is most likely due to the fact that serunr copger levels
decline after the 38th gestational week; therefore saméie )
estimations after this date should yield lower values.
A gquantitative decrease in the amount of estrogens -
secreted by the placeﬁta, due t6 placental dysfunction
of prolonged pregnancy, may also be responsible for
lower serum copper levels in these cases. '
9. The finding that no statistically sigﬁificant correlation
(correlation coefficient, re oo 0.02) exists between the
umb;;iézl cord ‘serum c¢opper levels and maternal serum
copper concentrations: in normal pregnancy indicates that cerulo-
.plasmin is not the major-copper cpnstitﬁént of foetal serﬁm, as

is the case in maternal serum. Maternal ceruloplasmin

leveéls do not appear to be reflective of foetal serum

\ . ) \
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1l.

copper concentrations. Experimental studies support
the view that the direct-reacting pool of copper represents

the major constituent of foetal serum.

A decrease in the cqncentration of serum copper in

the umbilical cord and increased placental copper levels
observed in premature birth cases indicates that the
placenta may be storing additional copper which is
transported to the foetus by an active process in the
terminal stages of pregnancy. This extensive transfer
probably occurs after the 36th geétational week. The

fact that there is statistically no significant correlation
between the placental copper concentrations and the

maternal serum copper bound to ceruloplasmin indicates

.
that the copper content of the placenta is mainly of

.the direct-reacting fraction and copper incorporated

into enzymes specific for gestation.

No data is available in the literature, to tﬁe best of

our knowledge, to indicate the possible significance

of‘thé elevated ceruloplashin levels in pregnancy.

Several observations arising from our studies are presented;
these seem to support the "“ceruloplasmin - iron oxidation"

theory and indicate a possib;q role of ceruloplasmin

3 S

in the metabolism of iron in pregnancy.

The physioloékcal increase of ceruloplasmin concentration
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during pregnancy may be related to the increased maternal

gestational demands for iron. The augmented iron
mobilization from maternal iron stores as well as the
maintenance of transfemin-saturated iron by plasma
ferrous oxidations may be the proposed, function of
ceruloplasmin; this refers to usage by maternal
hematopoietic organs and for transplacental transfer

to the foetus. A highly significa?t inverse relationship
between the mateinal hemoglobin concentration and
méternal serum copper concentration in cases of maternal
iron deficiency anemia suggests that less ceruloplasmin
is needed for oxidizing the ferrous ion in the plasma

as well as fof mobilization of maternal %gon stores. A
decreased ceruloplasmin utilisation would result in a
decreased degrada;ion of the protein, with resultant

elevation of serum copper concentration.

. \

v

Obstetrical research in the area of developing 5
dependable method for the assessment of‘the intrauterine
environment should continue to reduce perinatal
mortality and morbidity. Accurate measuremehts of
gestational copper staéﬁs may prove useful in the
determination of fgetal well-being. Theacurrent

urinary estriol assays utilised for the detection and

monitoring of "high" risk patients poses some problems.

The estriol concentrations increase significantly. only
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in the last trimester of pregnancy; therefore this data
is not indicative of complications which may occur
earlier. The sample collections (twenty four hourﬂurige
specimens) involve a tedious procedure. In trying to
apply estriol deﬁe inations to clinical practice/, a
rapid and accurate method of determining urinary estriol
levels in pregnant women is still to be found. Estriol
assays are done only in specially equipped laboratories

and involve a large time factor (three days to do the

Brown analysis).

-~

Maternal serum copper concentration determinations

may be used as diagnostic aids in conjunction with

other presently known diagnostic methoés for evaluating
foetal status. The advantages of serum copper measurements
over urinary estrigi assays consist of the speed of

sample procurement and analysié, economy, and sensitivity.
The de%ection of complications as early as the tenth

week of gestation may be aided by this method. Serial
serum copper determinations throughout pregnanc&,

depicting a general trend of copper levels, could be

employed in the assessment of foetal welfare in different

, . e s
. cases. Single maternal serum copper determinations could

also serve as valuable aids in the 'diagnosis of L'higl'n“

LS

risk patients, Motherg having markedly low serum copper

concentrations than what one would normally expect in
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the third trimester of pregnancy should be assessed

further with respect to pessible foetal growth retardation

v

or pending to abortion. 1
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