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ABSTRACT r 

Copper concentrations were deterrnined in maternal 

serum, p,lacentijl', and urnbilical co rd blood wi~h the objective 

of elucidating the~metabolism of ,copper in various conditions 

of pregnancy as compared to normal levels in the third trimester . ~ 

of ·pregna~cy. MaternaI serum copper was deterrnined in . , \ 

206 cases of normal ,pregnancy and 144 cases of diff~rent 

conditions including foetal frowth reta~dation, toxaemia, 

diabetes, premature labour, and postm~turity. In cases of 

foetal growth retardation, a statistically significant decrease 

in serum copper values (mean; 183.44 pg %) was observed when 

compared to values found in normal pregnancy (mean; 261.29 pg %). 
'.. ' -" ..,., 

In cases of toxaemia and diabetes highe~ than normal values 

1 were founk' which demonstrate a trend 'possibly related ~ , 

hepatic injury with release of copper stores into the plasma •. 
1 

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 dry weight) 
, , 

than normal (m.eani 8.45 )1g Cu/gm dry weight) .. This may 

indicate that the placenta is retaining unbo~nd copper for 
. ( 

transfer to the foetus after the 36th gestational week. 

A significant inverse relationship was;found between 
~ . 

maternaI serum copper ~nd hemoglobin levels. It i8 suggested 
f 

that the function of increased ceruloplasmin levels in . , 
pr~gnancy, reflected by higher ceruloplasmin-bound copper 

levels, may be to mobilize iron from storage organs and t6 
ft. 

maintain a supply of transferrin for transplac~ntal transfer 
, d 

to the foetus as well, as to 'meet an increased usage by 
"',1 

maternaI hematopoietic o~gan_s. 

> . ( 

1 

... .... 

/ 

" 



, 

, 
! 

ii 

RESUME 

En vue d'expliquer le m~tabolisme du cuivre pendant le 
1

11., 
dernier trimestre d'une grossesse normale co~parativement ~ 

d'autres et/ avec des condi tions diff~rentes,' on a d~termin~" 
des concentrations de cuivre dans le s~rub maternel, le 

fi ' • 
~placenta ,et le sang du cordon ombilical. On a' ainsi mesur~ 

o 

l7'cuivre da~s le s~rum ma~ernel dans 206 cas de grossesse 

normale~t 144 cas de conditions diff~r~ntes, y compris des 

cas deeretardement de croissance du foetus, de tox~mie, de 

diabè~e, d'accouchement pr~matur~ et de post-maturit~ . 

• Dans 1es cas de retardement de croissance du foetus, une 

dimupition statistiquement significative de la quantit~ de 

cuivre dan~ le sérum (moyenne: 183.44 pg %) a ~t~ constatê& 

cOplparativement aux quanti t~s' en cours de grossess,e normale ! 
(moyenne: 261.29 ug %). Dans les cas de tox~mie et de 

diabète,' on a pu observer des v.aleurs supêrieures A la 

normale dênotant une tendance attribuable ~ une lêsion hêpatique, 

avec libêration des réserves de cuivre dans le plasma. Dans 

f le cas d'acc~uchement prêmaturé, l~s concentratiqns de cuivre 

dans le sérum du cordon ombilical étaient inf~rieures à la' 

normale; les niveaux de cuivre placentaire dans ces cas 

étaient supérieurs (moyenne: 10.15 pg Cu/,gm poids sec) ~ la 

normale (moyenne: 8.45 pg Cu/gm poids sec). Ce r~su1tat 

peut indiqu~r que le placenta retient le cuivre non lié afin 

le transférer mas~ivement au foetus, après la 36e semaine d, 

\ \\ gestation. 
, 

Une relation significative i~verse a ~té relev~e 
\ 

entre le niveau de cuivre du sérum maternel et le niveau 

d'h~moglobine. On est porté ~ penser que l'action des , 

de 

concerttrations accrues 'de céruloplasmine pendant la grossesse, 

tel que l'indiquent, les niveaux plus élev~s de'céruloplasmine -

cuivre li~, pourraient servir à mobiliser le fer provenant 
"'II 

des organes d',approvisionnement et à,maintenir une quantit~ 

de transferrine pour transfert par voie transp1acentaire au 

foetus et pour utilisation accrue par les organes h~matopoiétique~ 

maternels. , 

'" " / 

\ 
\ 

, 

1 

i 



~ 
.J 

-, 

,\ 
~, 

" 

\ 
\ ~ 

\ ' 
\ 

- ~, 

! - \ ( f 

iii , 

FORWARD 

As an undergrad~ate student at'MpGill University, 

l read a paper from the Gastrointestinal Research Laboratory 

'describing the effects of macromolecular cornpounds on the 

absorp_tion of trace elements. Subs,equently l became 

interested in the field,bf trace element~research, and after 
~ 

my graduation l applied for a speciality which would deal 

with the subject. ,1 was informed 'that the only departrnent where 

this investigation is carried out is Experimental Surgery. 

l consider myself fortunate to have been able to join a group 

specializing in this are a of research. 
1 
1 

Dr. Stanley C. Skoryna, Director of the Gastro-

inteStinal Research Laboratory, offered me to work on a project 

involving estimation of cORRer levels in pregnancy because '-, 
of the possible signlficance of this element in various 

\ 

complications. l found this proj\ct very stimulating . 
. 

On~ thing l 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 9f 

investigation. This r~fe~s to oùr fihdings on placental 
., 

copper levels on which no literature was available. Subsequently 

we w.ere able to correlat~ ma"rnal 

foetal le~els and thus postilat~ a 

the maternal transplacental copper 

serum copper levels with 

possible explanation for 

transfer to the foetus. 

Significant variations of maternaI serum copper Ievels in 

certain conditions of pregnancy also revealed the diagnostic 
, t 

. 1 
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value of these m~asurern~hts. We were ~lso ~ble to postulate 

a possible functional raIe for ceruloplasmin in pregnancy, 

relating ta the maintenance of sufficient iron concentrations 

in gestation. This area of reseârch is specially appeali~g . ,~ 

to me since copper is invol~e~ in many clinical conditions, 

including ,leukemias, Hodgkin's disease, and bacterial 

infections. 

" l found my work in both the Donner Building for 
-

Medical Research and at St. Mary's Hospital very pleasant. / 
! / 

l wish to sincerely thank Drs. S. C. Skoryna, Y. Tanaka, i 
~ / 

: A. Hurlburt, as weil as Mrs. M. Fuska, Ms,. A. Pawloska, a9d . / 
other members of the laboratory staff for their constant 

/ 
; 

encouragement and cooperation 'throughout th~ entire ~roject. , 
, f 
~ 1 

l especially wish to express rny gratitude to, Dr-. __ Y-.- Tanaka 
\ 

for having taught me both ffhe theoretical and analytical 

aspects of atomic absorPti~n spectrophotometrYI using the 

heated graphite atomizer. Dr. A. G. Thompson, Surgeon-in-Chief 
Il 

of the Montreal General Hospital and Dr. L. D. MacLean, 

Surgeon-in-Chief of the Royal Victoria Hospital, whose 'seminars 

in Experimental Surgery l have attended have helped me to 

learn and al?preciate the nurnerous ongoing pro~ ects -that ~.oare 

carried out in their departments. Dr. F. Naftolin, 

Chairrnan of the Department of Obstetrics and Gynecology of 
1 ~ 

McGill University whose grand rounds l have attended have 

. , 

helped me to understand various clinical aspects of Obstetrics~~ 
, 1(';'-

Dr. J. Gordon, Director of the Division of Surgical Research 
• 
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in th~ Donner Building and his secretary, Ms. B. Bewick have 

efficiently an~'helpfully handled the administrative 

pr9cedures related tp courses. Ms. E. Kulczycka, secretary 
.... 4" r 

of the Gastrointestinal Research Labo~atory~-has helped me 

• 
with carrying out correspondence\with several authors where 

similar research is carried out. 

Jtf è 1 • 
~ also wish to express my gratitude to Dr. . Nucc~, 

/ 
1 

Obstetr~cian and Gynecologist-in-Chief, and staff mernbers of 

the D~partment of Obste~rics and Gynecology of St. Mary's 

Hospi~al for their interest and extreme cooperation in the 

project. The Department of Pathology of St. Mary's Hospital, 
1 

under supervision of Dr. D. S. Ka~n, were also extremeiy 

" cooperative and helpful in obtaining nurnerous spec~men 

,samples. 

1 1 

Finally, l wish to thank Mr. C. Hatter, medical 

photographer, for his excellent photographie reproductions 

a~companying this thesis; case room head nurse, Mrs. L. Blou,in; 
9 \. 

who was- always willing to lend a helping hand in various 
). , 

problems related to collection of specimens~ and special 

thanks is due to Mrs. C. Couture for having carefully 

reviewed and diligently typed the final manuscript. 

Trace elements in the seventies ~re like vitamins 

" . in the thirties. Cont1nuous further research will surely 

reveal a greater importance of these microelements with 

reference as causitive factors of many diseases. When trace 
,/ 

--
elements became better known, the main question asked referred 
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to the effects of defici,enqy and toxicity .. 'The current 
, " 

studies indicate a much wider scope including sig~ificance 

of variation ~n int~ke and·utilization as r~lated to 
-

pathological.conditions. 
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INTRODUCTION ' , 

1. General Cornmen~s 

As life evolved, Many of the mineral~ present on the 

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

~ncluding mammals. Some of these elernents have been maintained 

throughout the biological evolutionary course and occur in 

living ti9sues in such srnall arnounts that they were referred 

to by early workers as "trace ele~nts". At that time the 

knowledge for measuring their concentrations with any great 

accuracy did not exist, and their presence in tissues was 

assume~ to be a result of environmental contamination. 

underw~odl5~ has categOr~Zed' 'the .. trace elements into three 

groups; (a) those essential for hi9hl~r animals and plants, 

(b) those possibly essential, and (~) the nonessential. An 

"essential" trace element, acc~rd'ing to Cotzias30 , may be 

classified as such if it meets the following criteria: 

, . 

(a) all healthy viable organisms possess the element in al+ of 

their tissues, (h) a constant concentration of the element is 

seen between different animals, ~c) its withdrawal from the body 

induces the same structural and physiological ~bnormalities 

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

element can prevent or reverse the observed abnarmalities,' 

e) specifie biochemical changes are always associated with the 

(/ 
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, 
abnorma1ities, and (f) the abnorma1ities may be prevented or 

reversed when the deficiency state of an animal with respect to 

the e1ement is a11eviated. Every trace e1ement exhibits a who1e 

spectrum of actions, depending upon the dose ~iven and the 

nutritional state of the animal or system in question. 

venchikovl56 has elaborated this concept into a dose response 

cU,Fve. Tl1é'Î "biological action" of the element is expressed in 

'the ~irst part of the curve, whJch shows an increasing biological 

effect with increasing concentrations of an element unti1 a 

plateau is reached. With further increasing doses, the element 

Il 

enters the "pharmacologica1 action" ph~se with concomitant 

irritation and stimulation IDf sorne bio1ogica1 function, and acts 

as a drug independent of a deficiency s~ate. At still higher 

doses, the appearance of toxicity and perhaps death represents 

the "toxic action" of the element. With sorne trace e1ements, 

the margin between doses or inta~es expressing the biological ~ 
and toxic actions can be exceeding1y sma11. For the "esse_ntia1" 

elements, an internal homeostatic control mechanism has been 
\ 

1 
postulated whicp maintains these e1ements within very narrow 

concentration ranges obligatory' for their proper functioning,.151 
\ -

The nonessential elements differ because ~heir 1evels in various 
1 

tJssues are solely a reflection of environmental contamination. 

The tr~nsition ~lement copper, atomic' number 29, i~an 
1 

"essential" trace element.' It 1:S of vital functional necessity 
"'-

and is indispensible in maintaining cellular integrity, growth, 
1 

reproduction, and various specific,physiological and biochemical 

----------_ ... ,-------------------- ----,~;i'':;;V~ 
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/ 
processes within the animal body. Copper was one of the first 

metals known and worked upon by ancient man sorne 700~ to 8000 

years ago. Remnants of metallurgical artifacts dating back to 

the sixth and fifth millerinia B. C. are still being uncovered 

tOday133. Coppe~ is ubiquitous in nature and may be found in 

its native or elemental form as weIl as in the carbonate, oxide, 

and most carnmonly sulfide form 28 • The word "cbpper" origin~tes 

from the Greek word Cyprus (Kyprios), which was distinguished in 

ancient times by the Romans for its rich stores and mines of the 

reddish-brawn 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 derived 28 ,122,l33. 

C?pper's physical properties have been exploited throughout the 

ages by craftsmen, and its distinctive properties of electrical 

and heat conductivity, ranking second to that of $ilver, 

•... ductility, as weIl/as its toxicity for certain microbial . 
spec1es are still being-profited today by industrialized society. 

The occurrenc~ of copper in organisms was recognized 

Il sorne 120 years aga ltft'er the conclusive identification of 

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

analytical methodqlogies available at that time as weIl as a 

failure ta recognize and relate the importance of the element· 

to cellular metabolism placed copper, along with the other trace 

elements at that time, as an accidentaI "scientific curiousi~y"l51 
j 

MCHa~gueIOO was the first to provide suggestive evidence af the 

value of capper in the diet of rats, fram studies of hemaglobin 

/ 
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regeneration in rats suffering from "milk anemia". In 1928, 

Harf62 finally elucidated a specifie physiological role for 

copper in the rat by demonstrating that it was/necessary , in 

addition to iron, for hemoglobin formation. Subsequ~nt studies 

demonstrated a much wider range of copper involvement in 

biological processes ~n addition to its role lin hematopoiesis. 

It was shown that copper played a vital role in connective 

tissue metabolism, and was also associated ~ith certain diseases 

induc"ed by dietary copper deficiencies, such as "salt sick" 
1 

cattle in Florida, "Lechsucht" occuring in parts of Holland, 

and enzootie Neonatal Ataxia in parts of Western Australia151 . 

The importance and "essentiality" of copper as a rnicronutrient 

manifesting itself throu~h a wide spectrum of actions~was thus 

confirmed. 

Copper is widely distributed in nature, and may be 

~ound in the soil, atmosphere, and water. Intricate soil-plant-
( 

, 
animal interrelations exist in copper transfer, as is true with 

other trace elernents. 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 oversi~plification. The amount of copper iTh 

the soil is firstly influenced by the nature of the parent rocks 

from which the soil was derived. Different parent rocks contain 

not only differing amounts of the trace element, but also contain 

different che~ical fo~s which confer its stabilitylSl. The mean 

concentration of copper in crustal rocks has been estimated as 

45 ppm. Clirnatic conditions can also influence copper levels 
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in the soil. Highly leached (podzolized) soils have usually 
'-f 
lost a significant proportion of their original mineraI 

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

and soil copper concentrations less than 10 ppm may produce 

wide areas of deficiency when the leaching is severe. Kubota81 

has shown that a wet climate soil favours the uptake of cobalt 

and molybdenurn by pasture plants but has no such effect upon 

copper. However, when copper is s~rongly bound to decaying 

matter, as in muck,. its availability is considerably reduced 

f l t d 'l k 133 h' d . l f '1 or p an an an1ma upta e • T e 1n ustr1a use 0 S01 
. / 

~ , 
amendments, such as fertilization,~ irrigation, arld aeratipn can 

1 

coordinatively act as powerful factors in quantitatively 

modifying the trace element distribution in the soil as weIl 

as qualitatively changing their available forms for plant and 

'animal uptake. Applications of copper to copper deficient soils 

usually raise\ both herbage yields and herbage copper concentra

tions, but the ability of most plant species to respond to such 

applications with high copper concentratioris is much less with 

this element than with most other trace elements15l • Other 

factors present in the soil, such as molybdenum and inorganic 

sulfate, are kFown 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 total daily intake of copper 

Iby animaIs and man15l . \ 
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The mean concentration of copper in the upper 

lithosphere has been estimated to range be~ween 70 - 100 ppm. 

Tabor and Warren143 have reported a variable distribution of 

copper in the air of twenty United States cities, with Boston 

subulbs containing the most (0.27 - 2.40 pg/m3 ) and the Southern 

cities containing the least (0.09 pg/m3). This curious . 
... . f" . 1 distr1but1on may 1n part be a ref1ect1on 0 enV1ronmenta 

contamination by industry. Assuming a ~aily respiratory 

volume of 20m3 and the calcu1ated ~ai1y pulmonary copper intake 

as 1.0 pg/m3, it can be estimated that the average human subject .. , 
\ 

receives approximate1y 20 pg of copper per day, which represents 
<:J 

a minor fraction of the amount ingested wit~,food and water. 

In sea water, where life originated, the concentration 

of copper is of the order of 1 - 25. ppb and has varied 

ibsignificantlY in geological time because of the dontinuous 

precipitation occuring in sea water. 133Fre~h running river 

water usually contains 1 .. 7 ppb, but as a resul t of __ industrial 

contamination, values as high as 50 ~ 100 ppb have been reported. 

Regional and municipal water supplies range in their copper 

concentration from 0.6 - 250 ppb, with a mean of 8.3 ppb. 

However, with the advent of copper plumbing and in localities 

dependent upon a supply of soft water (which ea~ily faci~itates 

the corrosion of obpper), the"concentration of copper in drinking 
\ 

water may be considerably ~ai~ed39,133: 

, , 
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2., The Copper Content of Foods 
1 \ 

Thé knowledge concerning the content an~form of 

trace elements in foods, including copper, ,remaiys partial and 

incomplete, particularly for those el~ments th~ have only 

recently been classified as "e'ssential". Generally, foods of, 

animal origin repr~sent a far better source than plant foods 

because the concentration of copper is higher than in the edible 

portion of plants. The amount of the metal ingested with mea~s 

118 tends to be made greater. It is probable that copper in foods 

is ~ound in biological complexes wnich ca~ rearrange themselves 
, 

and subsequently affect the availability and absorption of the~ 
, \ 1 

metal in the gastroî~testinal ttact. This was shown to be true 

in meadow grass, which conta~ns copper bound in neutral or 

anionic complexes15l . 

The different classes of human foods vary greatly i? 

their copp~r content, with considerable individual variations 

occuring within particular food items. Tissues rich in 

phospholipids co~tain especially hi~h concentrations off 

·copper133 ,151. d~ust~ceans and shellfi~h are the richest 
J 

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

dried vine,/ând cocoa following. Dairy products contain the 

l~ast amount of copper, rarely more than 0.5 ppml18 ,151. 

Cereal refinement provides an e~cellent example of the 

civi~ized modification of the soil-plant-animal cyale. Copper 
'\ 

is,'unevenly dis"tributed in wheat grain, with the highest propor'tion 
'llS\ 

/being found in the outer layers and germ .' Wheat flour 
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techno1ogy removes these portion~ by a 72% extraction procedure 
\ 

in the manufacture of white f1our, which resu1ts in a significant 

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

tion with adventitious copper during processing, storage, 
- pt 

. ,," l 
treatment' with copper fungicides as we1~ .. as the dornestic treat-

L 

1 ment of foods a11 contribute to rno~ify the -copper transfer from 

th '1 t f' 1 ' l' t' 151 e so~ 0 ~na an~rna ~nges ~on . 

3. Bio1ogica1 Mode of Action of Copper 

As is the case with most other trace e1ernents, copper 

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

upon its chemica1 forrn or combination and its location in the 

body tissues and fluids. To maintain the structural integrity 

of the tissues, the functiona1 forro of copper as wel1 as its 

specifie concentration within the body must be 9arefu11y 

regu1ated and kept we11 within specifie narrow 1imits. 

Prirnari1y, copper functions as a cata1yst ,in various intrace11u1ar 
1 

and extrace11u1ar enzyme systems in tissue. ce11s. As Green stated, 
~ 

"enzymic cata1yÉiis is the on1y rational explanation of how a .. 
trace of sorne substance can produce profound bio1~gic effects". 52 

According to Frieden,·the importance of copper·in living 

org~nisms is more pro~und than of other trace elernents since 

"no -meta1 ion surpasses copper salts in their versati1ity as 
f 

cata1ysts for an irnpressive variety of reactions". 48 Of ,the 

four known e1ectron transfer oxid~ses, which cata1yze the 

reduction of mo1ecu1ar oxygen ta water in the respiratory 
\ \ 

chain, aIl are copper contai~in9' enzymes. ·Since no other 

.-
" 

, , 
, 
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alternative pat~way exists by.which the cell can catalyt~cally 
\ 

reduce molecular oxygen to water, the uniqueness and importance 

f . b" . I . h . . d133 Th o copper 1n 1o~~y1ca systems 1S t us ma1nta1ne • e 

catal'Ytic effects ofl copper in enzyme systems ranges from weak 

ionic strength effects to highly specifie associations with , 
enzymes, the metallo-enzyme~, where there is a specified fixed-

number of metai atoms attached in a highly specifie manner ta 
1 

a ~otein molecute. The significance of the high degree of 

metal-enzyme specificity in the metallo-enzymes is in the 

enhancement of the enzyrnatic catalytic activity. Substitutions 

for the'naturally occuring metal may be achieved by dialysis , 
\ 

against a chelating agent, but full activity c~nnot be 

reachieved due to the partial denaturation that results from 

, the temporary absence of the stabilizing effects of the 

metal l18 ,l5l. Harper61 has surnrnarized the proposed mechanisms 

by which trace elements, including copper, exert their effect 

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

(b) ,in cornbination wi th substrate to form a metal-substrate 

complex upon which the enzyme acts, (c) the formation of a 

met~llo-enzyme that binds substrates in an enzyrne-metal-substrate 

(or enzyme-metal-coenzyrne-substrate) complex (d) the combination 

of a.meta+ with 'a reaction ,product to alter equilibrium, and 

(e) the maintenance of quaternary structure. 

Copper exists in three valence statesl33 • The 

tetrahedral forro (Copper I: Cuprous) possesses a h~gh 

afflnity for sulfur and nitrogen ligands and can only exist 

1 
1 

1 
1 
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in water solution in a complex bound form. Copper II'(Cupric) 

usually forms planar, les~ stable chelates with nitrogen and 

oxygen ligands. Copper III most probably does ~ot o~cur in 

the natural state. The copper present in th~ oxygen carrying 
} 

enzymes, or 'in metallo-enzymes whigh directly ~eact with molecular 

oxygen, is in the cuprous state. In the other oxidases, such 

as phenolases, the copper appears in the cupric form. A great 

number of copper containing enzymes" many of which were ,~ound 

to possess oxidative functions, have been isolated from living 

tissues. Tyrosinase, l~ccase, ascorbic acid oxidase, cytochrome 

oxidase, uricase, monoamine oxidase, o,amino-Ievulinic acid 

dehydras~, ceruloplasmin, and dopamine-B~hyd~oxylase w~re 

identified 'as copper containd.ng enzymes. The manifestations 

of copper deficiency, in animaIs were shown ta be related to 

decreased tissue' concentrations of certain ,of these enzymes, 

151 ' 
thus revea1ing the underlying biochemica1 defects • 
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CHAPTER 2. 

~ .., 

COPPER META~6LISM 

The physicochemi9ai properties ofpcopper are such that 

'" ree ionic cçpper is almost nonexistant, or occurs only in 

egligible amounts in the human body.' Since iQnic copper has 
-great affinity for organic substances, it readily forms 

'tightly bound complexes with proteins, purines, pyrimidines, 

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

h . b' 50,123 h i f f h ot er organ1c su stances T e~1.tance 0 most 0 t e 

body copper is thus in the forro of the~or9anic complexes. 
1 

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

pH allows the dissolution of free copper ions122 • 

1. Gastrointestinal Absorp,tion 

A) Absorptive Mechanisms 

The daily adult dietary requirements for copper in 

human subjects has been èstimatèd to range between 2 to 5 mg17 ,20,58 

Several authors 2 ,14,75 have demonstrated that the oral and, 

intravenous administration of a s~ngle dose of ràdioactive Cu64 

results in an initial rapid fall of plasma activity, which is 

thereafter followed by a significant and sustained rise in total 

jPlasma activity (figure 1). The initial. rise that occurs during 

the first few hours after administration represents the exclusive 

binding of Cu64 to plasma albUIl\in, the "direct" reacting fraction 
1 

.,"'"<------------------------------_.,'-"--~ 
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Figure 1 -- Distribution of a single intravenous ·dose 

~ of cu~4 in man (~fter Sa~B~Rortsak122) 

--

" " 
" 



h, 
, 1 

/ 

~t~E:>')Io'\"~ 4--f;rl~~4f~~~~i 

o 

- 13 -1 
1 • 

.' 

@ 

of plasma copper. The secondary rise of activity can be accounted 

-~~ by the incorporation of cu6t into the ~ 2 globulin plasma 

protein, ceruloplasmin2,. These experiments, in part., demonstrate 

thât ingested copper is rapidly absorbed fOllowing its oral 

administration,and that the absorption site for copper must 

thereforé lie in the upper alimentary tract, probably in the 

duodenum in man.~49 Ingested copper is absorbed mainly from the 

stomach and upper jejunum by at least two mechanisms13 • ,One, 

an energy dependent process, is facilitat~by amine acids and 

probably represents the ab~rption of copper complexes of amino 

acids. Since copper ions have a high affinity for organic 

ligands, small stable complexes are formed which are superior 

for absorption than if capper 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, 

. f' . d h d f l . . 151 1ts con 19urat10n, an t e egree 0 po ymer1zat1on. The 

impo~tance of this ènergy dependent mechanism for absorbing 

organic complexes was shawn by' Davis 35 who dernonstrated that 

phytate can reduce the assimilation of this el~ment. Other i\, ,. 
authors154 showed that a diet high in ascorbic acid signific~h~lY 

, 1 64 ' . \ . " '1 
depressed Cu absorpt1on when the aC1d was placed into a l1'gated 

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

second absorptive mechanism accounts for a much greater percenfage 

of copper absorption and is associated with two prote in fractions 

in the intestinal~. One of these proteins that copper binds 

o • 
with has recently been identified as the copper enzyme, superox1de 

...... _----------------------------
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dismutasel18 ., Superoxid~ dismutases are potentially toxic 

copper conta~ning protein~ that have ~lreadY been iso~ted from 

erythrocytes (erythrocuprein), brain (cerebrocuprein), and liver 
~\ 

'(~epatocuprein) • \ It was in 1969 that all were shown to be 
) '16 

identical substances. The function of the dismutase is in the 

conversion of superoxide freeradical anions into oxygen -and 
~ 99 l' 

hydrogen peroxfde as fpllows: ~ 

(Jo 

The second 

+ 0; + 

of th~e prote{ns involved in copper absorption 
, 

is r~ch in sulfhydry1 groups and possesses similiar characteristics 
1 r 

to the protein metallothionein. The postu1ate~ 'tunction of this 
1 . ~ 

yet unnamed protein is to provide binding sites for copper absorbed 

from the gut lumen whic~ is then slowly ieleased into the plasma 

for transport4l 

B) 

markedly 

Factors Interfering wi th--Copper Absorption ".' 
1 

(The absorption and reten~ion of ingested coppeF is 

~ected by the chemical st~ucture in which the metal 
• 

is ingested, by the dietary levels of several other minerals and 

organi~ substances; and by the acidity of the intestinal contents 
\ , 

" h b t' 151 ""1 h dmi' ~n t e a sorp ~ve area . Trans1t1on e ementS'SllC as ca um, 

mercury, silver, and ,zind appear tOr compete for copper binding 

sites on the intestinal mucosa or on the "metallothionein" 

proteine The aiversity 6f the physio!ogical responses and 

interac~ions man~f~ted by these four chemica11y similiar 

transition elements is surprising and is' ip.explicable at the 
~ v 

, 
1 
1 
1 

, ! 
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present time. High dietary levels of cadmium were found to 

reorganize and change the distribution of copper ~n tissues in 
, \ 

addition to severly depressing copper absorption153 • The relation-

ship of silver and jngested mercury to copper metabolism still 

remains to be cleared. Hil1 68 observed ~hat silver tended to 
1 
1 

1 

augment the effects of dopper deficiency in chicks whereas mercury 

had an adverse effect on copper adequate chicks. On the other 

hand, Van campenl53 found that sil ver had very little effect on 

the Cu64 uptake from the intestine of the rat while mercury 

produced a moderate, but not statistically significant lowering 

of Cu64 uptake. Other dietary' ingredients present in the l 

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.~ High 

" dietary levels of calcium carbonate severely inhibit the absorp-
'il' 

tion of copper in the i~testine, presumably due to the raising 

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

ferrous sulfide results in the formation of an insoluble and 

nonabsorbable copper sulfidé which is not suited for intestinal . 
absorption3? In the case of molybdenum and the sulfate radical, 

it,was shown that copper retention was dependent upon the 

molybdenum status of the diet, and the limit~ng effects of 

molybdenum was in turn dependent upon the i)organiC sulfate 

status of the diet and Qf the animal 3B
, 

37 ~ . 
Dick believes that 

least in sheep, both inorganic sulfate and molybdenum reduce 

copper retention by diminishing the absorption of ingested 
1 

, , 

at 
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copper and by increasing the'urinary excretion of absorbed and 
1 

stored copper, due in each c~se to interference with the membrane 

" trans'port of copper. 

Thus, the absorptiorr of copper in the gastrointestinal 
J., ... 

tract is by no means a simple phenomenon bût one wh1ch 1nvolves 

the intricate interpl~y of severar mechanisms. The concomitant 

presence of organic and mineraI substances in the gut lumen can 

markedly alter t~ availability of copper for\both absorption 

and rete~tion by exhibiting severe and reciprocal antagonism 
[ 

with copper. These include cadmium, mercury., ,silver, zinc, 

molybdenum, inorganic sulfate, and calcium carbonate. 
;/ 

2. Copper Distribution In Blood 

In normal human subjects, orally administered 

copper is bettrr absorbed than in most species studied. Of 

the 2 to 5 mg 'of copper lngested daily, 0.6 to, 1.6 mg, or 

'about 32% is absorbed2l • The copper absorbed from1the int~tinal 

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-
\ 

cytes5S-, 85 é' -As yet there is no data concerning the copper 

content of leucocytes or platelets. Copper in plasma is 
\ 

1 
present in two distinct formst one firmly and one loosely 

bound. The firmly bound copper consists of the ~ 2 globulin 

• 

/ 

," 
" 
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copper pr?tein, ceruloplasmin. 
, 

A) Ceruloplasmin - Bound Copper 

Ceruloplasmin is the major copper containing 

glycoprotein in plasma. It was first is~lated by Holmberg 

and Laurell in 1948 who crystallized, purified, and characterized 

this compound. Sorne of the characteristics of ceruloplasmin 

known to date are surnrnarized in 'Table 1. As the name suggests, 

ceruloplasmin is deep bl~ in appearance~ It c~ntains hexosa

mine, he.xo~e 1 neurarninic acid 1 has a molecular weigh t of 
, 

, \ 

~51,0?0, and contains approximately 0.3% copper, which corresponds 

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

per molecule79 • Since its initial identification, ceruloplasmin 

j has been subjected to a great dèal of intensive research. But as 

Holmberg states, "although much has been learned about its 
'\ 

structure .. ,and the factors regulating 'its concentration in the 

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

as ever". 70 The ïnitial finding 'of Holmberg and Laurell that 

~.~ ceruloplasmin is the only oxidase in hurnan plasma has since, 
~,. 

~ 

" 

~ 

been confirmed by the finding of a complete lack of oxidase 

activity in plasma void of cerulopl~min, dernonstrated by the 

complete lack of oxidase activity towards its preferred substrate', 
] 

p~raphenylenediarnine. Ceruloplasmin's oxidase activity in plasma 

is not specifie for only paraphenylenediarnine. It also 

exhibits oxidase activity towards certain polyphenols and 

polyamines, such as benzidine, dihydroxyphenylalanine (DOPA), 
\ 

serotonin and epinephrine72 ,73,87. The copper-protein bonds 
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1) SOOJ\CBt HUMAN PLASMA 

2) MOLBCULlR WBIGHTI 151,000 

3) SEDIMI!:N'l'A'l'ION COtfS'l'AN'l'1 
-12 

7.29 (S20." x 10 ) 

') OIFPUSION CONS'l'AN'l'1 -7 2 
'.5 (D20. W x 10 CIl / .. c) 

5) ISOELBCTRIC POINT 1 4.4 

6) 'BLECTROPHORETIC MOBILI'l'Y1 ,u.CII2/volt. Ne. x 10-5 

• -3.46 
-5.32 

7) COPPER CONTENTt 0.34. 

8) COx,oURI BLUE 

9) USORP'l'IotI SPECTRtIC 1 

280 

10) ENZYMA'l'IC AC'l'IVI'l'Y 1 OEMotlSTRA'l'BD 

11) COPPEJl R!MOVEO PRat P~IN BY 1 .Ji!IL cxMW: 
3.0 YU 

12) RBVERSIBILI'l'Y or COPPBR PIIOT!IN BotIDI OBMotlSTRA'l'ID 

13) IMIIUNOCHl!MlCAL SPBC~I'l'Y 1 DEMONS'l'RA'l'BD 

14) PHYSIOLOGlCAL IOLE 1 UNlQIOIIN 

1 

.i!!. 
7.0 
8.6 

-- --_._------------- --- ---------- -----~~_ .. _----

Sorne physical and chemical properties of 
\ 

ceruloplasmin.(compiled from scheinberg128 ). 

\ 

/ 
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of ceruloplasmin are reversible, at least in vitro, if the 
11 

copper is first reduced by ascorbic acid to give a white, copper-
" 1\ 

. 1 1 . 126 1 1 . apoceru op asm~n • Ceru op asm~n can once free protein 

again be fprmed by treating apoceruloplasmin with cuprous ions in 

the presence of ascorbate. The experiments which 'first illustrated 
... 

the reversibility of the copper-protein'bond in ceruloplasmin 

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

ceruloplasmin molecule, four appeared to be more readily exchange

able ~han the remaining four. 126 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 electrophoLetic 

analytical stu~ies on ceruloplasmin and apoceruloplasmin 
\ , 

suggested that each copper atom may be bound to two negatively 
1 

cHarged tarboxyl groups in the intact protein, and that the 

firm copper-protein linkage could,be regarded as the coordination, 

f . h f ;:... Il 1 1 t' d h' 125 o copper w~t our grou~s on para e po ypep ~.e c a~ns . 

All normal individuals studied were shown.to pOSSaBS at least 

two ceruloplasmins" which have been distinguished chromato-
\ 104 

graphically and electropho~etically • The relevance of 
"-

ceruloplasmins chemical hete~ogeneity is's~Jl unclear, ~nd. ~ 

it has not yet been shown that this heteFog~neity is genetically 

determined, as is the heterogeneity of hemoglobin, albUmin, 

haptoglobin, and transferrin. 104 

Although'the physiologicai role of ceruloplasmin 

has not been elucidated, several proposaIs as to its function 

"'., -------------------------------------------
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in vivo have been forwarded. As previously,mentioned, 

ceru1op1asmin exhibits weak oxidase activity for a number 

of po1ypheno1s as we11 as such physio1ogica1 substrates as 

adrena1in, DOPA, and serotonine However, the slow rate of 
1 

their oxidation by ceru1op1asmin and the pH at which these 

oxidations occur has no Iphysio1ogica1 significance 34 In vitro, 
\ 

ceru1op1asmin has been shown to accept electrons in the respir-

ratory chain. This finding however, appears difficu1t to relate 

to the in vivo condition where it is not'p1ausib1e that an 

extrace11u1ar enzyme like ceru1op1asmin. cou1d be of value to the 

intrace11u1ar mitochondria1 enzymes for the purpose of respira-

t
, \ 10 
~on • The inabi1ity of ceru1op1asmin to exchange copper in 

vivo would seem to 1imit its usefu1ness as a transport protein 

for the metal f unless it functioned as a carrier of a copper 

containing prosthetic group which ~ou1d serve as an oxygen 

activating unit for cytochrome C oxidase9 • Perhaps the most 

wide1y accepted suggestion that has so far been proposed as to 

the possible in vivo ro1e of ceru1op1asmin pertains to the, 

mobilization of body iron stor~s49. The function of cerulop1asmin 
.... 

in iron metabolism suggested is as fo110ws. Iron is stored 

within the protein shel1 of ferritin in the forro of a ferric 

salt. The mobi1ization of iron from the protein she11 to the 
1 

tissues and bone marrow requires an initial reduction of iron 

to the ferrous state, which a110ws it to è1etach itse1f and 
<> 

1eave the ferritin molecu1e. The detached ferroJs cation is 
1 

subsequent1y reoxidized to the ferric state in order to attach 

~ __________ ~.i~,.~C" .. ~tC~ç~~.'~"~mma~-,&_==~_~KftM_aa~Z_Mm&~D ___ ~=M==~tmum~_am=s~~w.;Z&~_~,~,.~X.~.sc •. "L~;C.w __________________________________ ~ 
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'c i tself to plasma transferrin for transport to the bone marrow, 

where hematopoiesis occurs. Cerulaplasmin, or ferroxidase as 

it is commonly ca1led, has been pqstulateq, as the enzyme required 

for the ~eoxidation step of ferrous to ferric iron in the 
\ 

plasma. I1 support! of this ~ypothesis, it wasl shown that a 

link exists between experimenta11y induced copper deficiency 

and the concomitant hypochromiç anemia produced98 Osaki apd 
, r 

Johnsonlll also support this view on the
l 
function of ceru'loplasmin 

by showing that 1ivers of dogs and rats ~erfused with cerulo-

plasmin re1eased a considerable quantity of body iron stores. 

Evans and Abraham43 recently observed that hemoglobin and 
\ 

cerulop1asmin levels in the blood parallel one another during 

copper deprivation and repletion in the growing rat, which 

indicates a relationship of copper metabo1ism and iron avail

ability. Contrary to this theory, evidence exists that the 

normal plasma concentration of ceru10plasmin may be too large 
€ 

t l t . fl . b' 1 . t' 119 to exer any regu a ory ~n uence on ~ron mo 1 1za 10n • 

Impairment in iron mobilizat~on and 'utilisation could only occur 

at such low plasma ceruloplasmin concentrations, as could on1y be 

manifested in extreme cases of copper deficiency. The the ory 

is also incompatible fith the observation that during the earl1 

postnatal period, liver iron stores are mobilized while there is 

still very 1ittle ceru10plasmin in the neonates plasma90 Thus 

the role of ceru10plasmin in metabolism still remains unreso1ved 

and Broman9 has sununed up ceruloplasmin's posi'tion as "j,ust an 

ineffective oxidase in the wrong place, lacking a suitab1e 

.~ 

, 
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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 diethyldithiocarbamate, is nondialyzable, 

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

\ Both sexes possess an equivalent plasma concentration of the 
1 • 

"direct-reacting" pool of copper. AI,though this albumin bound 

copper accounts for approximately sevep percent of the total 

pla~ma copper, its impoirce should ~ot be overlooked s!n~e it 

is believed to constitut the true transport forrn of copper. l51 
~ 

Studies utilising radi;active cu64 have demonstrated that 

1 following the inges~ion of cu64 , there is a rapid increase in 
1 

plasma radioactivity which is then followed by a sharp and rapid 

fall of actiyity.2,l4,75 Bearn and Kunke1 2 have observed that (1 

during the early postingestive stages Cu64 was bou?d exclusively 

to plasma albumin, giving support to the fact that thé true 

immediate transport form of c~~per was ~ot the large ceruloplasmip 

fraction but the smaller plasma albumin pool. The secondary 

rise of plasma activity was that due to the increasing appearance 
... 

of radioactive copper in the newly synthesized ceruloplasmin tha~ 

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 cornes to 

equilibrium with tissue qopper. That ceruloplasrnin 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 

demonstrated that in livin~ organjsms the·exchange between 

ceruloplasmin bound copper a~â ionic copper did not occur. 
" ..... 

Coppèr is tightly incorporated into ceruloplasmin only when the 
, 

apoceruloplasmin protein is formed in the hepatic microsomes 
\ 

and is releas~d from ceruloplasmin only when the protein is 
\ 

degraded. \ 

C) Plasma Amino Acid Copper 

Recently, a third fraciton of plasma copper in 

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

to existl06~ This fraction compares small even with the 

" albumin-bound fraction 'a~d the copper in it appears to be cdm-
Il 

plexed with amino acids. However, by virtue of its small molecu-

lar size, it has been proposed thrt it May have an important 

function in the transport of copper .through cellular membranes. 

Of the amine acids present in human blood, histidine most effec-

tively competes with albumin for the binding of copper. This 

evidence led to the suggestion that the true transport form of 

copper May be a comp.lex formed by two different amino acids and 

one atom of copper, but as yet such a complex or complexes have 

not been isolated nor chemicaIIy characterizéd. In model 
. ' 

experiments of Neumann and sass-Kortsakl06 with'dialyzing . 
membranes, it was shown that when albumin ~as present on both 

sides of a' membrane and cu64 was added to one side, the presence -
• 11 , 

of amirlO acids greatly facili tates the transfei.' of copper through 
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the membrane. However, there still remains a great de al to be 

learned about the actual transport mechanis~s of copper from 

the blood to tissue cells and thereafter ~h~ough the plasma 

membrane into the cells. Whether amino acid copper complexes 

act as carriers facilitating the transport of copper to the 

cell membrane where high affinity acceptor sites bind the copper, 

• or whether the amine acid copper complex is actually transported 

\through the m~rane remains to be resolved. 

~~D~ Erythrocyte Copper 

1 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 b10dd cell has been estimated as 

65 :!: 10.8 ~~~g, and the amount of copper contained in 100 

ml of packed erythrocytes has been estimated as 89 151 
].1g. 

A nearly colour1ess copper protein, erythrocuprein (superoxide 

dismutase), has been iso1ated from human erythrocytes95 . 
1 ," 

~uperoxide dismutase has a molecu1ar weight of 31,000, contains 
11 

3.4 pg Cu/mg protein, and accounts for approximately 60 percent 
1 

of the total red cell copper151 • This enzyme, which also occurs 

in the brain and liver, has the unique function of protecting 

cells from the injurious effects of the superoxide radical, 

'which inhibits cytochrome C oxidase in the electron transport 
1 

system99 • 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 sex1difference in its 

concpntration. Erythrocuprein remains extremely stable and 

.. 
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constant under a variety of conditions, even in patients with 

hypocuprerni~ or hypercupremia. Unlike the oeru10p1asmin 

concentration, normal erythrocuprein values have been observed 

. t 22, 134 
~n pregnan women. 

1 The second component of erythrocytic copper is 
1 

considerably more labile than erythrocuprein and is believed 

to be 100se1y bound to amine acid complexes or as yet unidentified 

proteins13 , 151. It i6 believed that,this freely dialyzable 

minute portion is in diffusion equilibrium with plasma 

albumin bound copper and amine acid copper complexes, which in 

turn provide the copper that becomes tightly bound into 

th . 15 ery rocupre~n • The erythrocyte coppe~ concentrations are 

not influenced by'the total plasma ëopper or ceruloplasmin 

concentrations. In humans, as weIl as in other arlimal species, 

the concentration of copper is higher in plasma than it is in 

the erythrocytes'.lS" 22, Plasm~ coppe!:, being more labile than 

corpuscular copper, 1-S thus a more sensitive and reliable indi

'cator of the-copper status of an animal than is the wholb b100d 

copper. 

E) Sex Differences 

There exists a sex difference between both the serum 

ceruloplasmin and serum copper concentrations~irt humans, as 

seen in Table 2: normal men having 31 mg ceruloplasrnin/lOO ml 

serum and wornen 36 mg ceruloplasmin/lOO ml ser,um. The arnount 

of copper in the ceruloplasmin fraction can be calculated 
1 

since the copper content of ceruloplasmin is known to be 

i 

,. ___ -----""'!-"""':",..,l .. -,"'!/t----------;.....-------
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'" 3.~ ~g/mg of protein. 69 The mean value of ceruloplasmin for 1 

both s~xes, determined as 33 mg per 100 ml serum, muitiplied 

by the copper content of \erulaplasmin (3. 2 )lgjmg protein) , 

yields a value of 106 pg/lOO ml serum. Thus approximately 

.' 93 percent of the èopper in serum is bound to the ceruloplasmin 

enzyme. The distribution of copper in the serum and in the 
~ 

erythrocytes is represented in figure 2. Studies have also shown 

that a high correlation exists between tne concentration of 

ceruioplasmin present and the level of copper in the se~um of 

healthy human subjects ~figure 3)129. In effect, the serum 

'copper concentration is interchangeable to its ceruloplasmin 

concentration in that bath s~rum copper and ceruloplasmin al~ays 

vary \ in the same direction and ei ther is a" good index of' the 

ether. 
i 

F) Factors Affecting Serum Copper Levels 

The no~al range of copper concentrations in the blood 

ef normal healthy animaIs is of similiar magnitude in aIl 

1 higher animals, lying in the range of 0.5 - 1.5 ~g/ml3, 151. 
" 

Variations within species can be accounted for more by individual 

differences than by diurnal variations. Aithough in man there 

appeared to be no cyclic serum copper varia_tions, recent findings 
1 65 

by nenkin indicate that there is a circadian variation in 

the total serum copper concentration at different intervals in 
J 

a tw~nty-four hour peri6d, the serum copper concentration being 

significantIy higher than the mean from lO:OO-A.M. 'to 2:00 P.M. 

Serum ceruloplasmin concentrations showed a similar but less 

if 

) «,At*e ,il _ 
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---_ ... ------~"- ---,- ~---~~-;-_ .......... -.-- ._-_._-------- ----

Nonnal Values 

Oetennination 
No. of Mean 96% 

Subjects Limits 
i , 

Serum~pper (IIg_/100ml.) 
'Men ................. 135' 109 81-137 
W ' ~ omen . ... f. •• ••.•••. ,100 120 87-153 

, ' 

Total .................. 235 114 81-147 
1 

, 

Direct - reacting copper 
, 

(",./100 ml.) ......... , 30 7 0-20 

Ceruloplasmin (mg./l00 1 

ml.) -
.Men ............... 15' 31 25-37 
,Women ............ 15 - 36, 25-47 

i 

Total ........... ' ..... 1 .. 30 33 25-43 

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

ceruloplasmin ,concentrations in normal subj,ects. 
<$ , 

(after Cartwrïght et a'l}20) 
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Figure 2 

'. '. -', 

.~. "t/9.' of Ca.!loo.m1. 
25 50 1S 100 ..l2S" 

Ca 

REC 

___________ - ____ ~ ______ ~ ~ ____ ......... __ ~ ____ ........ _.~ _________ - - 1 

o 

The distribution of copper in serum and erythrocytes, 
, r 

D-R Cu, direct reacting fraction of copper~ ECu, 

erythrocuprein copper: non-E Cu, nonerythrocuprein 
\ \ 

copper.~ (a.fter Cartwright et a1 20 ) 
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marke'Q ccircadian pattern of variation, while urinary excretions 

of copper showed no obvious circadian variation pattern. 

Physical exertion, fasting, and the time period following meals ~ 

do not affect the serum 'copper concentrations. 18 In most species, 

there are no significant differenc~s in the concentrations of 
\ 

copper in whole blood and serum, but serum copper is higher in 

h~arr females than in males. Several investigators have repor~ed 

normal non-pregnant femaleiserum copper co~centrations to range 

between 1.14 ~g Cu/ml serum to 1.24 pg Cu/ml ser~.18,26,60,107 

No confirmative explanation for this sex difference has been 

advanced. 

The metabolism of copper is altered i~ a wide variety 

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

changes in the concentration OfP~opper in the blood. 128 

Bacterial infectio~s, myocardial infarction, neurologie diso~ders, 
various anemias, hyperthroidism, portal cirrhosis, pellagra, 

1 

chronic alcoholism, Hodgkin's disease, acute and chronic 

le'ukemia, and lym~hom.as are aIl associated wi "bol}. ,a marke9 and 
i 

significant rise in the ceruloplasmin and serum copper concen

tration (Table 3). Perhaps the most '~triking observatid'n- is .. \ 
"the rise in ceruloplasmin concentrations during pregnancy and 

o 
after the administration of oral contrac~ptives~ to be discussed 

~ 

later. 
If 

As yet the etiologiçal significance of these increases 

can only be speculated upon. Findings that Salmonella gallinarum 

as weIl as other stressors, including ACTH and h~;:cortisone, 
produced a sixfold increase in ceruloplasmin activity i~ 
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Correlation between serum copper and èeruloplasmin 
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li chicks led Starcher and Hil'l l40 to conclud~ that any stress, 
/: 

1 

or any situation resulting in i~creaéed corticoster~id 
levels could increase ceruloplasmin concentrations. The value 

of these increases lies in the fact that th~y may be useâ as 

secondary aids along with other diagnost~c data in the diagnosis 

of disease. o 

Hypocupremia in human beings is associated with many 
-

naturally occuring clinical disorders. The concomitant 

hypocupremia observed in cases of iron deficiency, hypoproteinemia, 

kwashiorkor, tropical sprue, non-tropical sprue, nephrosis, 
1 

celiac disease, cystic fibrosis, and in Wilso~'s disease 

(hepatolenticular degêneration) may result from severall different 
, , 

mechanisms (Table 4)23. The inability to synthesize cerulo-
\ 

plasmin at a normal rate, low,dietary copper in~akesl poor 

and inadequate_intestinal and/or cellular absorption, and 

increased excretion resulting in an excessive 105s of 

ceruloplasmin from th~ body may aIl result in the lowering of 

. serum copper concentrations. In Wilson's disease" which is , 
an autosomal recessive genetic diso~r of copper metabolism, 

the low serum copper levels are highly~ositively correlated 

. th 1 1 l' . t' 19 - If' W1 ow ceru op asm1n concentra 10ns . Leve s 0 ur1nary 
1 

copper as high as 1500 pg daily may be reached concomitant 

w~th increased copper deposition in the tissues. If not 
~, 

treated, -the disease may eventually lead to hemglytic 
-

jaundice, cirrhosis, and other manifestations of chronic eopper 

toxicit~. 'It is interesting to note that in ,the newborn 
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and in patients homozygous or heterozygous for the Wilson's 

disease gene, the'hypocupremia is due to a specifie inability 

to synthesize apoceruloplasmin at a norm~l rate and is not a 

result of an inadequate supply of copper. In aIl of the other 

conditions listed,_the hypocupremia is associated with hypo-

proteinemia, resulting in a considerable loss of proteins 

in addition to the loss of ceruloplasmin from the body. 

3. Copper Distribution in the Body 

Plasma albumin bound copper is widely distributed 

to the tissues and also receives copper from the tissues. 'It 

aIse. readily e,xcha.nges copper with the loos~ly bound labile 

copper fraction of erythrocytes lS . As mentioned previously, 
1 

the actual copper transport mec~anisms through the cellular 
, 

plasma membrane, whether they consist of the penetration of amino 

acid copper bound complexes through the membrane, or whether 

the amine acid copper bound complexes bind to high affin1ty 

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, 
,1 

nuclei, and the cytopla~m of parenchymal cells in a proportion 
, 

that is "a fu~ction of age, strain, the copp~r. status Qf the 

animaI57 ,I02. In healthy~human sUbjects" t~e majority of 

liver copper is localized within the acid phosphatase rich 

pericanilicular lysosomes. Of approximately 24 pg of 
• 
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/ 

lo.ot Whole Bload Pla_. Pla_. 
CODIllUcm S\lb.1.ot_ cu.W_> CU(;tsl_> ,ey.t_> 

i 
/ 1 IorMl 6) 98&1) 1.0~11 II542 1 

i 

1· lDt.oUOI1 )7 141 161 51 

Aout. 
Leuteala 19 195 2)6 111 

Chronl0 
Leut .. la 21 II9 148 II) 

\ ' i 

1 
BodcJr1nt. 

1 
D18 .... 14 142 171 18 

i 
1 , P.1'Ill01ou 

. 1 An .. ta 10 III 121 113 

1 
"-

1 Il'01l 
1- Defl01.no, 

1)2 1 
An .. ta 9 II4 26 

1 
1 

1 wu.on'. i 

1 

Dl ••••• :3 19 55 64 

1 

1 

"P~~l. ) 10 80 62 
i , 

Whole blood and plasma copper concentrations in 

jvarious clinical conditions in man (adapted from 
151 c.1Underwood ) • 
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~- ~- - -------- -- --- - - - ----- -- - -- --- --- - ........ -...,-- --~- --- -- --- - -- - -~----- --~- ~ -- - -

Defect in Low, 1 Loss of 
Low Decreased Ceruloplasmin 

Apocerulo- Dietary Dietary 
Absorption into 

Conditipn plasmin Intake Intake 
Synthesis of Cu of Prote!n of Cu 

1 
" Urine Bowel , 

-
Xewborn X 
Wilson's disease' , , " , X " 

Wilson's disease heterozygotes , , X ... " 
Protein-Iosing enteropathy ... . .. X 
:-\ephrotic syndrome .. . , X ? 
Tropical sprue .. ? ? 
Xontropical sprue· ? ? 
Celiac disease ... ? . . ? 
Cystic fibrosis " . X .. ? 
Kwashiorkor ? 1 • X 

1 

? ... " :." Hypocupremia in infants· \ X ? 1 

, 
i 

• With hypop~oteinemia, edema and iron deficlency anemia. 1_; _____ '--___ _ 

Table 4 

1 

~echanisms for the production of hypocupremia 

in ,various diseases in man. (after cartwright23 ) 
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copper in a gram of dry adu1t 1iver, a great dea1'is assumed 

to be "storage" copper. It has not yet been reso1ved whether • 
this copper exists in combination with troteins o~ other hepatiè 

, . 127 
const1tuents • The 1iver a1so contains a re1ative1y rich 

supp1y of the'copper containing enzyme, cytochrome C oxidase, 

which ~lso accounts for a fraction of the organs copper. A 

third distinguishab1e fraction of hepatic copper exists in 

the form of 'copper bound proteins, whiq,h have been iso1ated' 
" 118 \ 
f~om m~ny species Ip copper loading experiments ~n 

rats, hepatic copper distribution d~ffered from the contro1s, 

with the mitochondria and nuc1ei holding most of the excess 

copper ~hi1e the m~cr?somes and cytoplasm accumulated the 

metal to a much 1esser extent91 . In normal adu1t rat 1iver, 
i 

64.3% of thé total copper was found in the SOlubl~'fraction, 

8.2~ and 5.0% ~n the mitochondrial and microsoma1 fractions 

respective1y, and 20.3% was localized in the fraction 

, containing the nuclei andceLl residue. In aIl, about 10% 

of the total copper of the human body is present in the 
\ 

1iver. 

B) Co er Constitution of 

The average normal 70 kg adul is believed to 

25 contain between 100 - 150 mg copper in h s body. The 

distribution of total body copper amongst th~ tissues varies 

withthe species, age, and copper status of the organism. The 

most comprehensive and complete study on the bopper content 
, , 

of hùman tissues was done by Tip~on and Cookl50 , by the 

.1 
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quantitative eryission ~pectrographic analysis of 24 trace' 

elements in 29 human organs (Table 5). Tissues were obtain,ed 

from 150 adults from vario~s parts bf the United States who 

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

seen fro~ Table 5, the liver, brain, heart muscle, and kidney have 

in decreasing order the .highest concentration of copper. 
\ , 

Skeletal muscle has a comparitively low copper content per 

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

striated muscle as a total bodY'compartment contains approxi-

m~tely one third, or more than any other tissue of the total 
1 

body copper. The same situation is applicable to bone (vertebra), 

which contains only 5 ~g Cu/g ash. However, because of its 

extensive bulky mass, together with muscle it accounts for more 

than half of the total body copper contentl18 . The human brain 

contains a variable amount of copper i~ different anatomical 

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

the brain, contains a surprisingly high arnount of copper, 

107 - 404 ~g/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 
1 

sensitive histochemical methods to conta in copper40 • Ex~eedingly 
\ 

high concentrations of copper, the significance of which is 
1 

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

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

145 ·been reported 
\ 

The copper is associated particularly 

with the melanins, and is largely bound in ionic forro to 

1 

\ 

1 

1 

.1 
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Table 5 Copper content of organs and tissues in man. 
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protein. Relatively high copper concentrations of 15 - 30 

ppm are also found in the enamel of hurnan teeth, with no 

significa~ differences being observed in the inner and 

outer layers of enamel. 151 Other studies have also shown a 

similar copper distribution amongst the organs, with liver, 

brain, kidneys, heart, and hair containing relatively high 

coppe~ concentrations~ the spleen, pancreas, muscle, skin, 

and bones containing an intermediary-amount of copperi 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 mg 1 (range: 50 - 120 mg) was estimated 

by Tipton and COok150 . The me-an concentration of copper in 

the adult human body was' estimated as 1.25 }lg/grn fat free 

tissue (range: 0.83 - 2.0 pg/gm), and these figures are 

also lower than the previous determinations of 1.5 - 2.5 

pg cu/gm fat free tis~ue reported by Widdowson159 . The 

1 

etiology and significance of the high copper concentrations 

occuring in certain tissues resides in the fact that copper 

in tissues is invariably associated with a vast array of 

specifie intracellular and extracellular proteins which play 

à role indispensible for life. Since copper exists in an 
~ 

integral relationship with these proteins, tissues containing 

large arnounts 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 Gopper excretion is via the 
1 152 biliary tract to the faeces. Presumably both ionic copper 

and copper complexed to albumin and amine acids àre responsible 

for the copper incorporation into hepatic parenchymal cells. 

Within the cells~ the abscrbed copper is complexed with a specifie 

sulfhydryl rich metallothionein protein which is believed to 

serve as a temporar.y storage form of copper until it enters the 

hepatic lysosomes. In the lysosomes, copper is incorporated 

into the biosynthesis of ceruloplasmin and other copper 

eontaining enzymes, or it'is excreted into the bile in associa

tion with the bile salt, taurochenodeoxycholate. 13 ,lI8 These 

lysosomes, along with the ~itochondria, contain 20% of the 

intrahepatie copper and are responsible for mu ch of the copper 

tha t is excreted in the biliary tracn'. The copper excreted in 

~he biie is/primarilY bound to'protein macromo~eeules, bile 

salts,'and a fraction is excreted as copper amine acid complexes. 
) 

Because of the large size of the macromolecular eopper complexes, " 

and since the enterohepatic circulation of copper is minimal, 

the copper excreted in the biliary tract is not reabsorbed13 

The measurement of copper in the bile presents a definite 

problem since the bile is difficult to collect from'normal 
. , 

human subjeets, and the daily outflow va~ies in~mittentingly, 
~ 

, 22 
fluctuating from 250 to 1,100 ml daily • Postmortem 

gallbladder.bile examinations from six normal subjects yielded f 
( 
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a concentration of copper that ranged from 24 to 538 ).1g/l00 

ml bile, with a ~ean value of 329 ~g/lOO ml bile. 36 Other 

investigators have reported the biliary copper concentration 

as varying between 6 to 205 pg/lOO ml bile155 • 

B) Urinary Copper 

The urine contains only traces of copper (5 - 25 Jlg/ .~ 

day), and values higher than 60 pg daily are not observed 

under normal physiological conditions 22 . Administration of 

" radioactive cu64 to human subjects resulted in an increasetl 

rate of urinary copper excretion, with the highest values 

being recorded in the first two hours after administration2 . 

It appears P7'0bable that a definite relations9ip exis,ts between 

the rate of urinary copper excretion and the serum concentration 

of nonglobulin, noncerulop1asmin 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 p 14,22,152 co pero 

Cerulop1asmin has not been demonstrated to exist in the urine 
, \ 

under normal circumstances96 . Neg1igib1e amount's of copper\ 

are eX9reted in the sweat and an estimated 20 ).1g CU/day 

is lost during the menstrual flow. 88 

In normal human subjects te whom radiocopper was 

administered orally, 72.4% was local~ed in the stools and 

only 0.1% of the radioactivity appeared in the u~ine22 Thus 
, 

assuming an average daily consumption of 2.0 to 5.0 mg 

of coppe'r by a normal human b&ing, i t ca:n be calculated that 
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32% <9.6 to 1.6 mg) is absorbed, 0.5 to 1.3 mg is excreted 

in the bile, 0.1 to 0.3 mg passes directly into the bowel, 

~nd 0.01 .to 0.06 mg appears in the urine. .These metabolic 

interelationships are re~resented briefly in figure 4 and \ 

a more detailed account of the normal rnetabolism of copper 

,in man is schematically represented in figure 5. 

5. Copper Deficiency 
1 

~ A) Copper Deficiency in Man 

# Under normal physiological conditions, a significant 

deficieney of copper has never been reported, although , .. 
1 V 

recent instances of copper dependent anemias with skeletal 

deformities havelbeen described in ehildren78 . There are 

t~ree main reasqns why eopper deficieney seldom, if ever oecurs . 
. h 128 
~n umans. Firstly, the ubiquitous distribution of , 
copper in the environment makes defieieney in humans consuming 

even the most malnourished and mediocre diets highly unlikely. 

Seeondly, normal diets in most parts of the world, espeeially 

in the Western countries, eontain a large and sufficient 

amount of eopper relative to needs. Finally, a specifie 

regulatory meehanism appears to maintain this ~ietary surfeit 

of copper from reaehing toxie levels. ., 

B) Copper Defieiency in AnimaIs 
, 

In eontrast to human beings, naturally·oecuring 

eopper defieieney in animaIs oeeurs with great frequeney 
\ 

and manifests its effects in a vast array of bioehemical 

abnormalities. Anemias, depressed growth, bone di~~rders, 

/ 



-

\ , 

, , 

- 42 -

, . 
0 Q 

a'!,l) 

f ' .. -

Schematic representation of~ome metabolic 
! 

pathways of copper. The numbers refer to 

milligrams of copper. (aftèr Cartwright2~) 
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depigmentation of hair and wool, abnormal wool growth, neb:atal 
A-./) 

ataxia, impaired reproductive performance, heart failure, 

cardiovascular defects, and gastrointestina1 disturbances 

have aIl been reported in animaIs with a dietary deficiepcy 
, . 151 

of copper. The extent to which one or more of these 
\ 

disorders manifests itself is dependent upon the species in 

question, age, sex, environment, the duration and severity 

of copper deficiency, and the biochemical priority of the 

process in the organisme As an example of how a deficiency 

of copper results in the appearance 'of a natura1ly occuring 

disorder, a brief account of the extrace1lu1ar copper 

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

in cardiovascular dJfects fo11ows. 
Jo 

'I~ was observed in several 1aboratories that the , 

elastin content of the aortas of copper deficient pigs and 
! / 

chicks was considerab1y decre~ed and, contained an e1eVated. 

lysine content significant1y less desmosine and isodesmosine 
)'- 1 i 

h d · d h 1 139,158 ' , d . t ' t an ~ t e contro s Desmos~ne an ~ s ~somer, 

isodesmosine, are tetracarboxYlic, tetramino acids formed by 
~ ~ 

the condensation of two, or possibly four lysine residues, which 

h ' h k l' k '1 t' 112 toget er const~tute t e ey cross- ~n age ~roups ~n e as ~n • 

This condensation reactioq, consists in the removal of the! . 
epsilon 1 ami no group of the lysine residues and the oxidation 

of the carbon to an aldehyde, a reaction catalyzed by t~e copper / ., 

t '" ,i:'I. d (MAO) 12,67 Th dt' . th con a~n~ng am~ne ox~ ases '. e re uc ~on ~n e 

plasma amine oxidase con~entrations observed in these copper 

f 
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deficient animaIs results in a reduction in the enzymatic 
/ 

1 

activity of MAO. This in turn lessens the capacity for oxida-

tively deaminating the epsilon amine group of the lysine 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 l.a result, sudden deaths 

from ruptures of the malformed vessels occur. / 

6. Copper Toxicity 

Despite the ubiquity of copper in nature and the wide-

spread use of copper for plumbing, kitchen utensils, beer 
,;. 

brewing kett1es, whiskey stills, and the exposure ~ various 

types of workers to high concentrations of the metal, copper 

. ... 24,28,29,128. . b b1 p01son1ng 1S rare 1n occurence. TOX1c~ty pro a y 

does not develop in man because the meta1 is excreted or 

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 

28 mild to serious and even ~ife-thr~atening consequences". 

~oth7the acute and chro~ic manlfestations of copper poisoning 

1n tumans are dependent upon the mode of contact and the 
~ 

milieu in which this contact occurs. Toxic properties of 

metallic copper have been described and associated 

topical' exposure, inhaltC, and ingestion" of ·the 

\ 
fol1~ing 

" metal in 

\ its various valence states. Acute copper poisoning due to 

ingestion of copper salts, partifular1y copper sulfate, is 
1 
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, \ 

rare because the emetic effec,t of copper limi ts i ts oral 

toxicity. Thus, the prompt ingestion of more th an 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 

in the intestinal lumen,for further absorption. 5 ,28,74,128 ,. 

Chronic copper toxicity, as would be expected from the widespread 

industrial-linked copper settings and applications, is also 
\ 

rare in occurehce. Direct exposure to copper salts or dust 

may result in the development of a contact dermatitis, with 

the appearance of a 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 dir~ct eye contact with copper salts142 . Workers 

chronically exposed to excessive concentrations of copper dust 

and fumes may develop congestion of the upper respiratory 

tract, particularly in the nasal mucous membranes and pharynx8 • 
, 

Repeated ingestion of elemental copper or its salt forms may 
\ 

also result in the development of hemoglobinuri~f\ hematuria, 
--- 1 

------' , acute and often massive he~lyti~s~isi~,~ypertension, and 

28 coma. _-------- ~ -,----
In animaIs, acute and chronic copper poisoning occurs 

to a much greater degree than in man, and ev~dence suggests 

that copper can be more toxic in animaIs than in humans. 

chrop'ic copper poisoningmay occur in animals under natural 

grazing conditions, from indus trial and horticultural 

contamination of feeds and pastures, and as,a result of the , 
1 

1 

/ 
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use of copper supplements as grow~h stimulants. Hemolytic 

-~~ndice,\ diarrhea, necrosis, hemoglobinuria, lupinosis, 

as well as a vast nwnber of other specifie diseases have been 

d . b d d . b d h' . '. 151, / escr~ e an attr~ ute to c ron~c copper po~son~ng . 

The greater susceptibility ôf animals to the toxicity of 

copper may be due in part to the lack of sp~cific metabolic 

regulatory mechanisms which balance the body- copper in a 
\ 

homeostatic equilibrium and prevent accumulations of the metal 

to toxic levels. 

\ 

/ 
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CHAPTER 3 

MATERIALS AND METHODS 

'1 \ 

L Maternal Serum Copper Leve'ls at Delivery 

(Study 1) 

A) Trace Metal Analysis 

Probably the most difficult aspect of trace metal 

analysis is the problem of environrnental contamination. Dust 

particules from flaking laboratory paint and plaster, corrosion 

products from metals, improper analytical handli~g, the use 
• - 1 { 

of insufficiently pure reagents, improperly washed 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 aIl introduce erroneous error in the 

final determination of the metal concentration in a sample. 

Extreme caution wa~ followed throughout the technica~ and 

analytical phases of the~present exper~ents 
1 

.' .. " ~k ~'H ... 

to avoid the .... , 

possible contamination of samples with extraneous copper. Th~ 

water utilised in aIl stages of the experiments, including 

that employed for, dilution purposes, was tap water passed 

through synthetie ion exchange columns which was further 

distilled to give an almost metal free solution. Unles~ 

otherwise specified, the word "water" utilised in any context 

of this thesis refers to this high purity deio~ized distil1ed 

water. AlI glassware (test tubes, volumetrie and pasteur 

... 
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pipettes, flasks, erlenmeyer flasks) were rinsed' 

with tap water immediately ~~use, boiled in lNHCI for 

fone hour, rinsed with running tap_water and\subsequently rinsed 

three times with deionized water before drying. Disposable 

Ep~endorf micropipet tips and disposable polypropylene test 

tubes, polypropylene known to contain a low copper content, were 

used in addition to the standard labor~tory glaSsware • . , 
The serum copper concentrations were quantitatively 

determined at delivery in women with normal ~regnancies as weIl 
.1 

as in prenancies where various conditions were, listed in order 

to ascertain a possible relationship between the serum copper 

concentrations with respect to these pregnancies. In normal 
" ' 

1 

control pregnancies, the serum copper contenF of uIDbilical cord 

blood was also determined • 

B) • Subjects of Study 

The serum copper deterrninations were performed from 

a random samPling , of 100 pregnant women at term with a norma?t, 

gestational course. The delivery was-single, vaginal, and at 

term. Se~um copp~r determinations were also deterrnined in 100 

cases of pregnancy with various conditions where differences : 

in the sérum copper levels would be expected. These conditions 

includedi 9 cases of intrauterine foetal growth retardation with 

a small foetal size for the due gestational date; 9 cases of 

" maternaI gestational diabetes with delivery between the 38th -

40th week of pregnancYi 24 patients suffering'~rom Toxaemia 

(pre-eclampsia and eclampsia); and' 58 postmarurity cases with 
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l~bour and delivery occuring after 40 weeks of gestation. 

C) Methodology of Procurement of Specimens 

At delivery, 10 ml of maternaI 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 subseguently separated from the erythrocytic 
\ 

fraction by centrifugation at 2800 rpm. One ml of ser~ was 

drawn by a 1000 pl Eppendorf micropipet and this was diluted 

to la ml with deionized water. The sarne dilution was performed 

with the calibration reference solution (Dade Cation - Cal TM) 

which was used as one of the control standards: The copper 
1 

content of both maternaI and urnbilical cord serum was 

determined by atomic a~sorption spectrophotometry. 

D) Methodology of Atomic Absorption Spectrophotometry 

The Perkin-Elmer (Model 107) Atomic Absorption 

Spectro~hotometer with a 3 slot burner head and Intensitron 

copper hollow cathode lamp was used for the serum copper analysis. 

Glycerol copper standrrd solutions to approximately·match the 

-viscosity of the diluted serum. A 5% glyoerol water solution 

• 

served as the blank solution. Two working standards of differing 

copper concentrations, 100 pg% (W!V) and 200 pg% (W!V) were 

prepared in a 5% glycerol water solution. _ These standards fell 

within the known linear working range for copper, approximately 

500 pg% Cu taken as the allowable maximum upper limite A 

liquid plasma protein based calibration ~eference, consisting 

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

-' 



• " 

" 

o 

- 51 -

added (Dade Cation - Cal TM) containing a copper concentration 

of 200 pg%, was used as a, additional control standard. The 

instrumental settings on the spectrophotom~ter were adjusted 

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

the lamp current being adjusted at 6 milliamperes. The spectral 

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 instrumental settings of 

~1.5 and 13.5 respectively 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 waveiength control to 282.3 nm. 

This optimal wavelength corresponded to a max~m~ needle 
/" 

" 

deflection on the energy meter. The blank solution was aspirated 

into the air-acetylene flame and the digital readout was , 

zeroed to the point where aspiration of the blank solution 

resulted in a reading of zero ~bsorbance units. The 100 pg% 

(~/v) and 200 pg% (w/v) copper standard solutions were subse

quently aspirated into the air-acetyl~ne flame to give absor-
\ 

bance readings of 0.04 and 0.08 units respectively. Aspirant 

flow rate as weIl as the vertical and horizontal burner head 

alignment were so adjusted as to give the maximum absorbance 

readings with the two standard solûtions. The diluted control , , 

, 

standard calibration reference so~tion~' containing a copper 

concentration of 200 pg%, was sUbsequently aspirated into the 
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flame to verify the validity of the previously set conditions. 
, ( 

The absorbance readings of thè standard solutions were inter-

Ç.hang~ably converted to the corresponding concentration (pg%) 

using the expansion calibration on the spectrophotometer. 

Thus sample readout values were now calibrated to represent 

the concentration of the solution and not its absorbance. 

These conditions set the proper operat-ing parameters for 

sample analysis to commence. The diluted serum sample was 

aspirated into the air-acetylene flame and the concentration 
• 

of the sample was obtained. When stabili~ation of the readings 

to fairly constant values occured, ten, consecutive reaàings 

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 calibration were also verified before the 
\ 

analysis of each sample to assure that errdneous drifts did 

not occur. l The mean of ten consecutive readings for each 

sample was \deterrnined and mul tipli"cation of this figure by 

the appropriate dilution factor yielded the serum copper 

concentration. 

2.- Maternal Serum Copper, Placenta1 and Umbi1ica1 Cord 
( 

Serum Copper Concentrations at Delivery. (Study II) 

A) Subjects of Study 

The copper concentrations were deterrnined in maternaI 

serum, uffibi1ical cord serum, and in placentas of 106 normal 

pregnant women as we11 as in 44 cases with various conditions 

i 
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\ 
-of preg~an~y incYuding,the following; 7 c of premature 

labour with delivery occuring between 36 weeks of gestation; 
1 

13 postmature labour cases with delivery\a ter 40 weeks of 

gestation; 9 cases of maternaI iron deficien ~ anemia with 

concomitant hemoglobin values of less then 10 G%; 9 cases 

with premature rupture of the membranes; and 6 cases of Toxaemia. 

These studies were carried out in arder ta ascertain any 

variations in the p1acenta1 copper concentrations as well as 

to elucidat~ any relationship ~etween the maternaI serum co~ 
concentrations with respect ta the placental copper levels. 

The 4,4 cases_,with these conditions were compiled from a total 

number of 811 consecutive pregnancies. In aIl cases viable 

infants were delivered. 

B) Methodology of Preparation of Placental Specimens 
" ' 

For Copper Determination~ 

Immedia~ly following the de1ivery of the foetus, 

placentas were obtained from the case room. Two excisions 

of approximately 10 grams~ach were obtained from the maternaI 

aspect of each placenta from the are a located 3 centimeters 

laterally ta the umbilical cord entry on the opposite (foetal) 

side. The blood content of the excision biopsy of placental 
\ 

tissue was not washed out. The excised portion of the placenta 

was weighed on a Mett1er P163N semimi~robalance and the wet 

weight was recorded. The placental biopsy was then lyop~ilized 

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

we!ght recorded. The freeze dried placéntal specimen was then 
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placed in a poreelain erueible and ashed at 400 0 C. for 72 hours 

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

of 0.1 ~ hyçrochlorie acid (Baker J. T. Chemicals, Ultrex 
r 

Grade) and the solution was vigorously shaken to yield a 

homogenous distribution. The method of obtaining maternaI and 

umbilical 90rd blood samples have been described previously. 

C) Methodology of Atomic Absorption Spectrophotornetry 

for Plae~ntal Copper Determinations 

Analogous to serum copper determinations~ the 

placental copper concentration measurements were performed on 

the Perkin - Elmer (Model 107) Atomic Abs~rption Speetro-
'" 

photorneter with a 3 slot burner head. The technical analysis as 

weIl as the spectr9photorneter instrumental settings were t~e 

",- r sarne as for serum copper det~rminations described previously. 

The only difference in the analysis was as follows. Two working 

standards of differing copper concentrations, 100 pg% (W;V) and 
l ' , 

200 pg% (W;V), were prepared from a Certified Atomic Absorption 

Copper Reference Solution (Fisher Scientific Co.) and diluted • 

with deionized water, not with a 5% 91yeerol water solution as 

in the case of serum copper determinations, sinee the viscosity 
, ; 

(specifie gravit y) of the placental samples diluted in 0.1 N 
\ ' 

~ Ultrex hydr~chlori-c acid was comparable to that of deionized 

water and not the speqific 'gravit y of serum. The liquid plasma 
~ 

" 

protein - based calibration ~eference ,solution (Cade Cation - cal TM) 

was not uB~d for the same reason. Ten eonsecutiv~ concentrél:,tion 

readings for each placental sample were taken and their mean 
'" 
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r 

value was cal.culated. Taking into account the appropriate 

L 

f 
t, 

dilution factor and the original weight of the placental 

specimen, the copper concentration (pg Cu/gràm placenta) was , . .-
determined for both the wet and dry weight. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

------• 
1. Maternal\Serum Copper Levels in the Third Tramester 

of Pregnancy 

A) Normal Pregnancy-

In the one hundred normal uncornplicated pregnancies 
• 7 --- , 

with delivery at term, the mean ~~ternal serum copper concentration 
. t' . 

was found to be 261.29 pg% (S.O. - 33.65), (f1gure 6). The 
\ 

o 

maternaI s~rum copper conce~~rations v~re found to range between 
\J \.~..., 

171-353 pg%. As can be seen from Table-~'-6, 76% of the observed 
1 

normal serum copper values fell within the limits of 200-300 pg%. 

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

~total n9rrnal maternaI ser~ copper levels at delivery had values 
~~ 1 

less .than 200 jlg%. ,The frequency distribution bar graph 

of maternaI serum copper concentrations at term more specifically 

démonstrates the serum copper distribution ,(fig~re 7). 

The rnean maternaI serum copper concentration observed 

in this study seems to agree with mean serum copper values' 

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

S.D. ± 73.9) 109, H~nkin (221 t 14 pg%) 65, and Yiostaio 

+ 161 }lg%, S. o. - 79.2) • It pan be Seen from the stq,ndard 

accompanying t~ese values that conSidera~e 
(258 

deviations 

variations exist, althougJ the values are significantly hi9h)~ 
than those in nonpregnant wornen. 
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Table 6 Freguency distribution of Maternal serum copper levels 
• 

(pg Cu/lOO ml serum) in the third trimes ter of 
1 

pregnancy. 
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G1IOOP NO. (1 CASES 

NOMtAL PRBGNAMCY 106 
TODDlIA 6 
PItBMA'l'URE tABOUR 7 
l'OS'lMATORITr 13 
P1U!MA'l'URE Rt1P'1'URB CR 'l'HE MD4IIIWŒS 9 

\ 

ri 

(6) . 
(106) 

/ 

MBAN MA'J.'BRHAL SBRlII COPPD 
LEVEL(jl9Cu/100 al. SZlUM) 

257.91:1:40.69 
291. 67t55. 99 
247.71:1:37.56 
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247.78t31.87 
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Mean Materna serum copper concentrat1ons at term , 

(pg Cu/I00 ml serum) in normal pregnancy ànd in 

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

maternaI serum copper concentration at term ~as 257.91 ~g% 

(S.D. t 40.69), (figure 8). This value is in close/agreement 

with ~he serum copper levels reported by other authors 65 ,109,130,16l, 

and with the value \obsèrve.d 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\% l!>f the observed values were higher 

than 300 pg% (as comJared to 17% in the first study). , 
According to O'Learyl09, there is normally a continuous 

increase in maternaI serum copper until term (figure 9). The 

\ degree of maternaI serum copper increase 5eems to 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 levél of serum • 
- 0 

copper May be detected as early as the fourth week of gestation, 
( 

but a significant rise can be observed by the tenth week when 

values of approximately 200 pg% are reeorded. The p"lateau 
\ 

is then contlnued until the twenty fourth week when an inerease 
~ J 

, oeeurs, eventually reaehing levels around jéo pg% at terme The 

serum copper levels decline with the onset of labour and 
\ 

gradually decrease during :~puetperium te pre-~regnaney 

levels (figure 10). 
\ 1 '\ 

t 
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Intrauterine Foetal Growth Retardation (I.U.G.R.) 

Infants weighing less than 2500 grams at birth and 

small for their gestational age are not necessarily premature. 

Inadequate intr'auterine nutrition, congenital abnormali ties, 

or intrauterine infection may contribute to chronic retardation 

of growth. Although ,the malnourished infant will appear under-
, 

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

Clinically, such infants appear initially more mature than 

those of similiar weight, bu~ learning problems and neurological 

symptoms may occur later. In/addition, ,these infants rarely 

achieve normal growth and continue to lag behind throughout 

l 'f 101 
~ e . 

? 

Thus, the earliest 'possible detection of foet~ 
..,. 

growth retardation.is of vital importance. 
\ 

In our survey~ the 9 cases of pregnancy with 

I.U.G.R. concomitan± with a small toetal size for the due· 

gestational date had a mean maternaI serum c9Pper boncentra-
\ 

ti0rf~Of 183.44 pg% (S.D. ! 50.54) at delivery (figure 6). 

This i~ significantly lower than th] serum copper conèentrations" 

for the '.saIne gestational period in normal pregnancy.. In 
, ~ , . , 

only ~ cases the serum copper c?ncentration was between 200 -

• 300 pg% and only l' case had a serum ccipper value exceeding 

250 pg% (Table 6). 

The severe pregnancy hypocupremia observed in these 

cases is highly significa~t, ~ven at a S.Q! of 1 in comparison 

to normal pregnancy. At delivery, ,tpe exp~cted percentage 

of normal mothers pOisessing serum copper concentrations less 

" 

. \ 

\' 

\ .. 

,-. 
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COPPER LlMtL HO. ar CAUS HO. ar CMD MO. at CAUS ! Il10. ar asES HO. 

Ul:SS 'l'!WiI 200)'1' '13(12') OCM) 1(1'"' , l(S" 

200-249)19' 32(30\' l(ln, 3c.n) 6(46\) 
\ 

-
256-300jl9' 

\ 
35(34" 3(50') 3(.~) 4(31\) \\ 

OVER 300Jl9' 26(2"') 2( 33" O(~) 2(15\, 

\ 

-
.. .,J 

TOTAL 106 6 7 13 
~ 

l 
Table 7 Frequency distribution of MaternaI serum copper 
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Mean MaternaI serum copper (pg Cu/IOO ml serum) 
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Figure 10; Mean MaternaI serum copper (pg Cu/IOO ml serum) 

during the puerperiurn. 

(after O'Learyl09) 
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than 200 pg% is in the order of 7% (as compared to 56% observed 

in the cases of l.U.G.R:). Banerjeal studied the estriol 

excretion levels in 2 cases of. foetal growth retardation 

diagnosed by the nonïncreasing height of the uterus. With 

Case A, at 38~ weeks, the estriol titre began to fall and 

labour was induced. The patient delivered an infant weighing 

3 pounds 8 ounges. Case B was admitted ar 34 weeks of gestation 
1 

en the diagnostic basis of "foetal growth failure" and the 

infant was delivered by Caesarean section, as there were 

signs of marked foetal stress. The es triol excretion conoen-
1 

trations were 'lower than normal in both cases. Banerjea's 
1> 

impression of poor foetal growth is that it is associated 

with "peor placenta~ 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 a~ a result df infections would probably elevate 

the maternaI serum coppér concentrations, since it is weIl 

known that infections of various types markedly increase the 

serum copper content. Although the infants delivered were 

small and undernourished, they possessed no congenital 
ô , 

abnormalities. Thus at least in the 9 cases studied, it would 

Jappear that "poor placental function" postulated by Banerjea, 
"\ 

may have been the facto~ associated with the I(U.GoRo The 

question arises as to whether copper plays a prirnary etiological 
1 

role in the developrnent of I.U.G.R.,or whether it is a 
~ 

~econdary indirect re~ult of the I.U.G.R. lt would seern 

\ 

, 5 t; 
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logical to assume that there was a substantial and sufficient 

amount of copper present in both the direct - reacting pool 

of plasma copper and in the ceruloplasmin fraction. Although 

pregnancy·imposes a greater maternaI demand for copper,' even 
\ 

the most mediocre diet would supply ?ufficient copper to 

maintain normal physiological processes. lt would also 

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

that is responsible for the pregnancy hypocupremia observed 

in the cases of l.U.G.R., other associat~ve factors may 

vary the serum copper levels. Alterations in the foetal-

placental-maternal complex may possibly disturb the estrogenic 
1 

, 
balance, estrogenic output,being closely associ~ted with the 

foetal-placental-maternal complex. The 'small placental size 

accompanying l.U.G.R. cases cou Id invariably resuLt in a 

quantitative decreas~ in the amount of physiologie estrogens 

synthesized and secreted by the placenta, thus 19wering 

the induction rate for cerulop.lasmin synthesis. These factors, 
\ 

solely, or in combination with each other, may be responsLble 

for the significant hypocupremia observed in pregnancies 

with l.U.G.R. 

These cases of pregnancy hypocupremia indicaté that 
J 

maternaI serum copper concentrations may provide the obstetri-

cian with an additional prognostic tool 'in conjunction with 

Women in the last trimester of'pregnancy 
1 

• • .1/ 
other d1agnost1c data. 

o 

• who show markedly depressed serum copper concentrations should 
, 

be considered as "high risk" patients who bp,ve a greate;:- thp,n 
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normar probability of carrying a foetus whose growth is 

retarded. prognosis as to the weIl being of the, foe;tus may 

also b~ carried out with further serum coppel determinations 

and in conjunction with the urinary estriol dutput. An 

incrèase in maternal'serum copper levels in such cases may 

signify a favourable improvement in t~e fo~tus, while decreasi~g 

,[ copper concentrations cou Id indicateta less favourable prognosis 

with intrauterine foetal death becoming a reality. Sorne 

sUEPortive evidence upholding the speculation on ~he validity 

of ~he prognostic valu~ of serum copper determinations emerges 

from a study by O'Learyl09, who has monitored the total serum 

copper concentra~ions in two women with chronic hypert~nsive 

disease from the twenty eighth week of gestation (figure Il) • 

An essential1y normal ~esta~ional date Y! serum coppet curve 

was observed in both women until approximately the thirty 
'\ u 

sixth gestational week, when rapid and marked decreases in 

serum copper levels occurred. The continuous decreases persisted 

until terme Both women had intrauterine foetal deaths and 
, , 

delivered stillborn infants. -Certainly serum co~per det~rmina-

tions in such cases represent a much simpler test than es triol 

assays. w 

C) Gestational Diabetes 

Metabolic abnormalities associated with diabetes 

mellitus 'ma y occur many years befôre th~ onset of actual " 

clinical" .syrnptoms. This "prediabetic" state may develop into 
J actual clinical diabe~s by var~ous stress factors, one of 

. ' 
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which is pregnancy. Mothers alr~ady 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 insulinohas reduced 0 

the maternaI mortality rate to, a level similiar to tliat for 0 

nondiabetics, various complications concomita~with gestational 

diabetes have been described. Abortions, premature labours, 

intrauterine and fo~~al deaths, toxaemia, excessive sized - ~ 

infants, hydramnios, congenital malformations, and foetal 

'anoxia have aIl been descri~ed in diabetic mothers 101• 
i 

In the 9 cases of gestational diabetes~~tudied, ~ 

the mean maternaI serum copper level of 291.22 pg% 
... 

(S.D. - 37.46) at delivery was higher ~han in the controls 

(figure 6). 
o \ 

n ~ 

The serum copper concentrations in the diabetic 

pregnancies ranged between 249 - 350 pg% wit~ 8 cases 

having values between 250 - 350 pg% (Ta~le 6). The majority 

(5 cases) of the serum copper values fell with~n the limits 

of 250 - 300 pg% while no cases wele oDserved to have values 

less than 200 pg~. Only l case was observed having a serum 

copper concentration within the 200 - 249 pg% bracket. 

It appears that there is a greater incidence of 

diabetic'maternal serum copper concentrations occuring 

above the 250 pg% mark. Only 11% of these cases had 

values below 249 pg%, in contrast te ~l% below 249 pg% in 

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

" "t3fJ ,.,' 'f ~,rr-NJ\"I' .. .t~ )W;P'pk,.,~l9}'K~;; .~ w,,@tijiIW;Xda ·S" !&l§dM .. &: Dl 
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~xpe~ted serum copper concentration in the thir~,trimester of 

pregnancy should be carefully observed, since there may' ~xist 
) .' 

a greater than avèrage probability' ~at she is diabetic. Th~ 
'"-' 

1 

mea,n maternaI serum copper concentration observed in this study 

is in agreement'with the slight hypercuprem;a observed in gestational 
. \ ' 

~diabetes by other authors130;~ 131, 161 The etiology of 
~ ( 

-,hypercupremia in diabetic pregnancy still remal,ns to b~ 

-resolved, and only one explanation as to the factors responsible 
'. for the increase in.maternal serum copper levels has so far 

been propoded. 'The hypercupremi~ of gestational diabetes 
1 l}o , 

may be related to hepatic metabolic changes associated with 
{ ~ 

th,,~ disease, and to mi.ld or se,veJ;;e toxaemia that usua11y 

accompanies and comp}icates cdiabetes. Toxaemia' is postulàted '" 

l' to resul t in subclinïcal h.epatic damage, which in turn may 

result in the releas~ of stored hepatic copp,er into the " 1 

" - 131 '!! 

bloodstream . 
c 

In contrast to the constant hypercuprèmia observed 

~ in diabetic mothers, the available literature on their urinary 

estrio l levels contains .very conflicting reports, postulating 

• • 

. .' ~ f' , t . 1 t' 120 nondev~at~ng normal patterns 0 ur~nary ex r~, exere ~on , 

an elevation'of a • 148 ' urinary estrio 1 exeret~on , and a deereqse in 

urinary estrio 1 . 113 
e~ere~~on . Perhaps' the most intensive 

study dealing with the problem of urinary' estrfu.l excretion 

i~ diabetic mothers has been carried out by Greene55 , who· 

Si9ied a 
( . 
m litus. 

fJ 

, 
total of ~~ pregnaneies associated with diabetes 

Aecofding to Greene, urinary estriol exeretions 

j 
.... ' 
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1 

less tQan 4.0 mg/24 hours after the thirty-thi~d week of ge~tation 

inqicate intrauterine foetal death and calI for the termination 
• 

of pregnancy.~ In his ~tudy~ 12 patients (14%) ~ad e~triol 

values less than 4.~ m~/24 hours and 6 of these pregnancies 

terminated in foetal death. Estriol e~cretion'values 

ranging betwee'n 4.0 to 12.0 mg/24 hours were categori-zed 

with foetal distress and foetal jeopardy, leading to po~sible 
\,. 

congeni tal anomalies and neonatal complications". A total of 

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

values abave 12 mg/24 hours were associateG with no perinatal 

mortalities and ~ normal gestational course. Thirty seven 

patients (42%) f~ll into this group. In/normal uncomplicated 
~ 

pregnancies one would expect urinary estriol values to fall 

,in the range of i6-17 mg/24 hours.o Although Greene aid not 

mention or elaborate upon whether his estriol values were low; 

normal, or high ~n comparison to those encountered in the 

controls, his results c~early indicate that more than half 

(58%) of his diabetic patients p~s~sse,~ estriol values in 

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

D) Toxaemia 

The appearance of hypertension, proteinuria, and 

edema in the last trimester of pregnancy indicatés preeclampsia 

,in its incipient stage. Although the etiology of this disease 

is n~t known, the'current "uterine ischemia theory" has so 
1 

far received the greatest support. This hypothesis advances 

that mechanical or neurogenic factors, such aïs uterine size, 
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1 multïple pregnancy, hydramnios, and chronic hypertensive 

vascul~r disease may impair the uterine blood supply. The 
'" 1 

resultant placental hypoxia may relea~e "protein substances" 

which pro~uce ~oth antidiuretic and hypertensive affects, as 

well as capillél;ry thromboses flnd prote.i.nu'ria. The factors 

responsible for these observed effects have not as yét been 

identified. In addition to what has just been said about 

preeclampsia, the\patient who has progressed te the point of 

\ tonie convulsions is said to have eclampsia. Although 

eclampsia is aorare disorder, it is nevertheless a serious 

one manifested by initial convulsions befor,e and after labour 

and during the puerperium. Prolonged coma without the recovery, 

of consciousness culminating ~n death, although rare in . " 

occurence, may result after these convulsionslOl • Because 

of the small sample sizes encountered in the pr~sent studies, 
'\ 

cases of preeclampsia and eclampsia have been grouped together 

under the heading of toxaemi~; since the only differentiating 

factor between them is in the severity of the disease and the 
4 

resultant onset of convulsions. 

In our survey, the mean maternaI ser~ copper 

concentration obtained in 24 Cases of Toxaemia (Study I) 
{ + 
was slightly higher (276.18 pg%, S.D. - 49.71) in comparison 

wfth the serum copper'concentrations in normal pregnancy at 

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

of 200 - 300 y-g'% (Table 6). No cases of Toxaemia were • 
\ 

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

~ 
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. 
possessed serum copper concentrations abOlIe 300 J-lg%. The' \ " 

rnajority of th~ values fell within the 25\ - 300 )lg% bracket! "~1 
while 24% of the cases of toxaemia as co~pared to 41% in 

normal subjects had values less than 249 )1g%. 'Thus, the general 

tendency in the serum copper dtstribution of toxaemic patients 

is that a higher incidenc~ of increased serum copper levels 
1 

occ~r in comparison to normal, pregnancies. Analagous to the 

previous s"!=udy, ,the sîx cases of toxaemia encountered in 

the secopd study also possessed a slightly hypercuprem~~ me an 

maternaI serum copper concentration Çlf 291.67 J-lg% (S.O. :! 55.99), 
. " 

(figure 8). Tpe frequency distribution of the maternaI serum 

copper concentrations agrees well with that of the first_ study 
\ 

(Table 7). The majority of the values ranged between 

250 - 300 J-lg% with a lower th an norma& incidence of values 

falling below 24~ pg% (17% vs 42' in the normal controls) • 1 
Five cases had v~lues exceeding 249 J-lg%. 

The mean maternal serum copper concentrations observed 

in our t0xaemic patients is in agreement with hypercupremic 

values of 340 J-lg% (S.D. :!: 42.1)131,340 Jlg% (S.O~ :!: 38.3)130: 

286.8 ~g% (~.D. + 96.9)161, and 390 J-lg%109 reported by 
, " 

other authors. The elevation of maternaI serum copper levels 
\ \ 

in toxaemic patients seems,to be a paradoxical finding 

since\Zondek6 found'low circulating e~trogen levels in 
• 

toxaemic ~tients. ~rom these findings it appears 'that 

'besides changes in estrogenic activity', other factors ma1)" 

" play a role in affecting serum copper levels. As the liver 
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'''''' '" "is frequently affected in toxaemià 'Patients, the observ~d 
" \ 

hypercupremia: wi th a concomi tal\t decr'easè in the amount of 
J 

circulating estrogens could be attributed to subclinical 
I:l 

hepatic damage. This subclinical hepatic damage may result 

either from intrinsic degenerative processes on the cellular 

level (infarction or unrecognized,cel~ular degeneration) 
c 

b 1'1 1 t' level l09 . Pt' 1 ' t or on a su ce u ar enzyma 1C ar 1a suppor 

of this hypothesis resides in the work done by Rasuli in 

toxaemic patientsll7 In women dying from severe ecla~psia, 

he observed marked depletio~s of hepatic copper content, 

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

Mischell03 ascribes a beneficial aspect of the hypercupremia 
f 

:i!n toxaemic ~regnancies. He believes thëtt copper ion's act 

'as a compensatory mechanism improvin~ the utilisation of 

oxygeh in tissues, incr'easing glycolysis in muscle, and 
1 

. inhibtting the inhibitio~ of enzymes 'by heavy metals. 

27 ) 
Studies by Clemeteor on the metabolism of \scorbi~ acid 

in preeclampsia suggest that the resultant hypercupremia 

of toxaemia may be responsible for altering the ratio of 

reduced to'oxidized ascorbic acid. The result is the 

accum~lation of diketogulonic acid and ascorbone, which 'is 

a hypertensive agent i~ rats. Dehydroascorbic acid may he 
. \ 

a predisposing factor involved w~th or resulting from 

:fI 

toxaemia.' It i5 unlikely' that i t is the primary chemical 

mediator in ~oxaemia, although additiona~studies àre required' 
~, 

'to resolve-this issue. 

/ 
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Thus maternaI serum copper concentratiQPs may be of 

importance in the c1~nica1 assessment of toxaemiao; A 
, . 

patient manifesting increased ~erùm copper concentrations 
\ ' 

and decreased urinary estrogen leve1s in the third trimester ,. 
of pregnanc,y may be a "suspected" toxaemic case. Studies 

also reveal that there is a positive correlation between 

the c1inical severity of the disease and the concentration 

109 130 131 of serum copper ' , ° As such, the maternaI serum 

copper levels may al~o be valuable in'assessing the prognosis 
1 

of the patient, with further increases in serum ~opper 

ref1ecting an increasing spre~d and severity of toxaemia. 

E} Premature Labour 

Spontaneous labour occuring after foetal viabi1ity 
1 

15 established and before foetal maturity is defined as 
\ 

premature ,labour. Foetuses' weighing 1,000 tb 2,499 grams 

(29 to 36 weeks of gestation) are.considered as ~rematur~ 
l, 

and premature blrths are by far the most common cause of 

neonatal mortality. Chronic vascular diseases, toxaemia, 

placent~ pre~ia, foetal anomalies, multiple pregn~ncies, 

antl maternaI urinary tract infections are the most common 

causes of premature labour. However, in less th an 50% of 

\ .1 b' th d f' . b h ~ 101 prema~ure lr scan any e lnlte cause y s own . 
o 

In 7 cases of prernaturity included in our series~ 
~ , j the,:,mean maternal serum copp~r concentration of 247.4'1 pg% 

+ (S.D. - 37.56) was recorded; this is slightly, lower 
<) . 

(statistically not signlficant) than levels found in the 

, , 

• 

\ 

... 
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controls (figure 8). Six çases 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 % bradket (Table 7) • 
t 

Only l observed case of prematurity had a serum copper concen-

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

have values above 300 pg %. . , 
The mean maternal serum copper concentration observed 

in this study 'is in agreement with the slight hypocupremic 

mean va~ue of. 250 }lg % (S.D. ~ 35.1) i~ premature births 
\ . "130 

repo~ed by Schenker It is logical to assume that since 
" , / 

prematùre births occur before the thirty eighth week of 

gestation, at which time the serum copper concentrations l , 
reach their peak levels, determinations of copper ièvels 

several weeks before _, t~s .. date should yield lower values. 

o F) Postmaturity 

The state of postmaiurity 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 inlinadequate foetal nourishinent may 

eonsequentia~ly oceur. Since reliable and accurate infoDnation 

relating to a patient's menstrual history, time of ovulat~on~ , 
and time of conception is sometimes lacking or is not well 

documented, the classification of a patient in many·j;nstanees 
'II 

, i t' 101 1S an afprox ma 10n, . 

A lower mean maternal serum copper concentration 

/ 
\ 

.1 
1:· .< 
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+ of 235.33 pg % (S.D. - 37.l6) was observed in the 58 cases of 

postmaturity (figure 6). Twenty one percent of the observed 

postmature cases as compared to 7% in normal pregnancy 

had corresponding ~ copper concentrations of less than 

200 pg % (Table 6). Similiarly, 41% of the postmature values 

as compared to 34% in normal pregnancy had serum copper levels 

between 200 - 249 pg %. In the second study (Study II), 

the mean maternaI serum copper was also lower than in the 

• , control subjects (figur~ 8). 

The mean maternaI serum copper values observed in 

these studies are in agreement with mean serum copper levels 

.' 

+ ' . 
of 230 }lg % (S.D. - 24. 38) "arf~ 2401 pg + % (S.D. - 40.3) reported 

by schenker et al130 ,13l. Lun1wal192 has postuLated that 
1 

the low serum copper leve'ls of postmaturi ty may be correlated 

" to placental dysfunction. This hypothesis appears'~easible 

due to s~veral factors. Since the placenta has a limited 

life span in which time it can optimally function, the pro longa-

otion of pregnancy may result in the progressive dysfunction 

of the p!acenta. Since an intimate relationship exists 

between the rnaternal-placental-foeta1 complex,with respect 

to estrogens and ceruloplasrnin, progressive placentaf: 

'\ dysfunct;ion rnay;,. r:es~lt in decr~ased estrogen productIon. 

Quantitative d~~eases of estrogens may decrease maternaI 
o 

serum céruloplasmin concentrations since les~estrogens would 

be available for "inducing" the synthesis of cerulÇlplasmin 

RNA templates. Another p~sible rnechanism th~t rnay cbntribute 

, 
t 

.. 
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to the hypocupremia of postmature patients deals with the 

94 foetal estriol precursor isolated by Magendantz'and Ryan , 
\ 

16 eX. - hydroxydehydroepiàndrosterone. This precursor may 
) 

be decreased in act~vity with prolonged pregnancy either 
~ i 

,due to, (a) the sufficient ~aturity of the foetus which 

decreases the use of the fo'etal specifie precursor with the 

commencement of induction of adult mechanisms or, (b) 'the 

progressive placental dysfbnction may result in the insuffi-

cient ability to convert 16~7hydroxydehydroepian1rosterone to 
, 

es triol in the placenta, leading to decreased estriol 

synthesis and less estri91 being excreted in the urine. The 

resultant decreased estriol lévels may lead to lower r 
1 i 

ceruloplasmin concentrations sinee less estriol would be 
• 

a vailabl-e for "inducing" RNA templates. The urinary excr.etion (, 
il i 

of estriol in postmaturi ty also remains a subj ect of contr~v,ersy. 
\ 

The patients constituting the "postmaturity" group are a 
1 

mixed and unhomogenous group whose diagnosis is based on 

subjective patient inform~tion. Indeed Lundwal192 states 

that "there is no doubt that in many cases of postmaturityl 
1 

the pregna~cy is not prolonged and the date of confinement 

is miscalculated". Postmaturity is often associated with 

• 
other pathological condi'tions in pregnancy which ul timately Il 

lead to variability in the concentration of urinary estriol 
\', j 1 

92 • excretf'ons. An intensive study by Lundwall on the urinary 
l , 

excretion of estriol in postmaturity showed that out of a 

total of U7l postmature women investigated', 

, 
" 

37 (22%) had, 
'fi 

'\ 

,D 
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low excretion values of less than 16 mg/24 hours. Beeause 

of the "unhomogeneity" of the postrnature group, Lundwall 

did not discuss his results in comparison to normal preg~ncy ... 
55. Jo; \ estriol levels .. Simi~iarly to ~reene , he merely gave 

\. 
Q 

guidelines of certain estriol levels in relation to clinical 
1 

applic~bility. 

The consistent hypocupremia observed in ppstmaturity 

patients suggest tbat the maternal serum copper letel 

should be used as an additional diagnostic factor to those 

~ presently employed, sueh as fundal height rneasurement, 

roentgen evaluation of foetal osseous development, ultrasound 

scanning, and amnioscopy for the 'assess~ent of foetal 

intrauterine status and rnaturitylOl 
~ 

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

Patiepts whose membranes rupture prematurely in 

many instances involve the jeopardY.of the foetus, sinee it 

is often difficult to decide whether to initiate labour and 
• 

~~ effect delivery of the fqetus prernaturely or to seek additional 

intrauterine maturation at the risk of amnionitis and foetal , , 
, 

septicemia. The exact etiology is nct clear, but it ha~ be.n 
1 

$uggested that premature rupture of the membranes is not 
1 ' 
~caused by membrane weakness, since memb~anes are capable 

of withstanding pressures that exeeed those ~esulting 

uterine contractions during labourl01 • , 
from , 

In the 9 case~ of premature rupture of the membranes 

studied, the mean maternal serum copper 'oncentration~t 

1 
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delivery did not deviate to a statistically significant 

d~gree from the mean of normal pregnancy (f~gure 8). As 
1 

sèen from Table 7, the majority (7 cases out of 9) of these 

patients had serum copper concentrations in the range of . 

" 2aO~300 pg %, analogous to the control subjects. A larger 
Il /"1. 

percentage of cases fell into the 200~249 pg % bracket. Thus 

the frequency distribution of maternai serum copper levels 
~ 

in this group of patients exhibit) similar pattern to that 

of normal subjects. 

H) Factors "Affecting Copper Levels in,Pregnancy 

The onset of pregnancy is characterized by dramatic 

changes in maternai metabolie processes which are r~quired 

for the growth and dévelopment of the foetus. Copper, being 

a critically important trace element necessary for the growth 
.. 

and development of many organ systems, plays a vital role 

in the m~intenance and development of thé foetus. Thus, ,. 
as expected, marked changes in copper metabolism oecur during 

pregnaney to meet the additional- nutriJ:.ional and phy~iological 

requirements imposed by both the foetus arid mother. 

a) Chemical Structure of Estrogens . 

The estrogens are one of the main hormones secreted 

1ly the placenta, during pregnancy and are res'pons.i!ble for' the 

de;elcipment and maintenïnee of_~~.-egnaney. They ~Xhibi"C' a 

wide range of metabolic éff~~s on the~mati~~~and foetal 

organisms. Structurally, estrogens are four ringed, eighteen 

carbon comyounds, which differ from other steroids by 
!. 

.. 

, 
:; 

, J 
-j 
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lacking the C-l9 rnethyl group which is normally attached to 
, 

C-IO on the sterofd nucleus. In add~tion, double bonds in 
, ., 

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

endow the eighteen carbon cornpounds wi th "estrogenic" 

activity. Estradiol, estrone; and estriol are t~e three 
1 

major physiologie estrogens that aeeount for the majority of 

estrogens in the h~~n bodySl ThÉdr chernica1 structures 

and interoonversions are schematically represented in 

, figure 12. 

b) Biologie Effeets of,Estrogens 

Estradiol - l7p is -:he most potent of the estrogens 

and as such i~ the major physiologie functional estrogen 

secreted by the syncytial cells of the placental trophoblasts. 

It is freely revers~ble with its less potent reç.uced form 

(at the Ç-18 position), estrone. Estriol is the physfologically 

weakest estrogen possessing oI\ly one-hundreth of the~ biologic· 

acti vi ty of estrone and only' one-fi ve hundreth that-YQf 

estra.dioll~7. l't is however the major excretory pr'oduct , 0 

of estrogen' metabolism and estriol gluconate accounts for 

approximately ninety percent of aIl urinary estrogens excreted 

in pregnancy. Wornen in their menstrual cyele excrete an average 
1 

pg daily while pregnan: femal~S 

0.5 mg daily in the urine..,51 

1 

norma~ly excrete 

Although there has been a considetable amount of . .."... .. 
research on estrogen metabolism, the full biologic effects 

of _ the large quantity of estrogens secreted by the placenta 
~ 

r 
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1 

are not fully understood. The growth of uterine musculature 

is partly attributable to the effect'S of estrone and estradiol 
\ 

while estriol is' known to antagonize ~his growth by suppressing 

the effects of both estrone and estradiolll4 ; since the various :r 
estrogens,possess àiffering expression of the s~ total of 

their activities. Estrogena may also increase the strength 

of myome-triét'l contractions by promoting increases in 

actinomyosin and adenosine triphosphate (ATP) concentrations 

in uterine muscle cells~ 31 This was demonstrated by Csapo 
1 j 

who observed an acti vatioJ and stimulation of a pyrid,ine 

nucleotide. t,~ansh/genaSe, system in the placenta and, 

other tissues by~.estradiol and estro~e. Inevitably, energy 

requiring biosynthétic processes cou Id occur. Changes in 
1 

the prote in content as weIl as an lncrease in the thyroxine ,r ~ 

and cortisol bi~ding capacity in the peripheral blood in 
'Cl '1 

pr~gnancy has been also a ttributed to placental estJ:'ogens 3+,. 

" 
c) Estriol in pregnan~y 

~~> The increasing amounts ot excreted estrogens in 

pregnancy occ~r rnainly as 9 lucosid~ronates or sulfates 
, t 

in the urine. Al thouÇ)'h the ovary atso secretes the pregnant 
1 

estrogens, . it 'is the placenta that dominatès tneir productiorl. 
, 

This was demons,tr,a ted by the f inding that ~ bilateral 

oophorectomy perfQrmed a.s early as' the" si~'1;:h week ~f 
'. 

gestation 

did not significa'ntll ~lter the quantity of urinary estrogen ,,' 

excretion5l • Estriol, being the most abundant estrogen 
~/' ... ",) , . 

secreted by the· placenta, is aiso the fraction ~ich dernonstrates 

.... , 
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.~ 
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Figure 12 Chemica1 struc~ures \ncf,metabolic int-erco~versions 

-r'-". 1 • ; 

~, , 

(Pf estrogens. EstradioI arid Estrone are freely 

interc~nvert;b1e, while converà:f.on of Estrone -
'q 

, into, Estrio! is not reversible. ; Estrqdiâl and 
"" 

estrone vafues (as meas,ured in urinary ~Jcretions) 
- < 

~ A 

'. l 

. ' 

. crease only slightly,' startingwith d,ay lo6~ 

w!,th' final va1ueE!' at "'term arol,lnd 2 - 3 }lg per 1 

24 hours. A rapid 't'ise, in estripl valu~s begins 
" 

a~1 ~a~4~ with fi!la1 urinary excretion values.> 

of 20-40 }l9 pe~ 24 hours being obsetlved at 
~/ 

term (details, in Fig.' 13). 
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the most rapid increase in pregnancy as comparéd.to estr~diol 
• 1 

and estron~. The ratio of estrio1 to estrone and èstra~io1 

\ in ear1y pregnancy is of the brder 2:1 while in the latter 

p~rt of pregnancy this ratio increases five-fo1d ~n favour 

r 

of estrio1. At term, the ur~nary estrib1 concentrations have 

been shown to range from 10 to 50 mg dai1y'S1 
1 

This is graphica1ly 

depicted in figure 13. In recent years, there has grown 

accumulatlng amount of evidenc~ sug~esting that the de 
. i 

novo synthesis of estrogens does not occ~r in the placenta. As 
?" 

is probab1y the case, substances synthesized outside thè 

Jlacenta, in both foetal and materna~ endocrine glands, serve' 

as precursors for the p1acentai estrogens~lf94,114. The ., ( , 
principal estrogen biosynthetic pathways and their interelationship 

between the motaer, placenta, and foetus are depicted in 
", 1 

figure 1·4. Maternal and foetal dehydroepiandro~::f.erone sulfate 
~ . 

(DHAS) has been proposed as the precursor for placental 

estrone and estradiol. Active p1acenta'l hydro1ysis of mat.erna1 

and foetal DHAS results in the ~Qrmation of dehydroepiandroste~one 

(DHA) in the placenta thich is then conver1ted to androstenedione, 

androstenedione being freely reversible and interconvertible 

with testosterone. Aromatization of androstenedione, the 

process of which is not ful1y,known, results in the formation 
;>- • 

of estrQne 'which freely interconverts with ~stradiolll4. 
\ 

The observation that both urinary and blood estriol' levels 
\ 

fa11 immediately following foetal intrauterine death gives 
, ' 

~ fu~ther impetus to the possibility that the foetus provides 

, 

( 
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precursors for estrio1 synthe~is in the placenta. Magendantz . 
and Ryan94 have iso1ated a possible estriol precursor, 16~-, 

hydroxydehydroepiàndros.terone f.om. untbLlica1 cord 4b1ood and 

this steroiq was shown in vitro to be'converted to estriol 
, . 

in the placenta by the sequence: DHAS ---:: 16 ()l. - OH - -J)HA--, 

160<. - OH - androstEmedione_ estriol. Thus both th~ mother 

and foetus mus't ,be taken into consideration in estrogen' 
1 

biosynthesis since an'intricate interelationship exists 
~ 

between them and the placenta. 

urinary estriol excretion in pregnaqpy' is now an 
'1 ',' 

./ \ '1 l,,, 

accepted evaluative method for monitoring the "progress and 

'well being of the foetus. Studies estimating the urinary 

es triol conç~Ptrations in'cases of èomplicated pregnancies, 
(1 • '1 

are found i~'~~he literature.6 ,63,147,. The results of these 

.. 

~h.)' 
studies'strdngly suggest that abnormal gestations are accompanie~ 

with low urinary estriol levels. Since a normal foeta1-

placental-uterine circulation and foetal-maternal functl0n 
" are' ~ prerequisi tel' for normal urinary excr~ti~:>n rates during 

pregnancy, any interruption in these intere1ationships will 

ultimately result in varying urin~ry estriol levels. Work' 

done by Greene53 ,54 has shown that when the urinary estriol . 
excretion reaches the value of 12 mg/24 hours (or higher) 

" within 48 hours of delivery, oni can expect a healthy foetus 

except fo~ cases of eclampsia or erythroblastosis fetalis. 

When the e~cretion falls into the range b~ween 11.9 and 4.0 

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

--

1 
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this indica,tes either a small infant or one in jeopardy. 

With values in this range, neonatal rnorbidity and mortality 

m8Y be encountered. Estriol excretions of less than 4.0 mg/ , 

24 h~s after ,tbe thirty third week of gestation are almost-
,1 '1 ~ ~ \ 

l
n'formlY associated with foetal death. When estriol~alls 

,elow 4.0 m;/24 hours, termination of pregnancy is considered, 

providedsthe foetus is of such size that it dan tolerate 

an extrauterine environment53 ,54. Bernhard and Pfeifer6 
\ 

claim that a consistent urinary ,es triol decline to more th an 30% 
\ 

9 indicates placental insufficiency and dysfunction. An es triol 

titre of less than 1 mg/24 hours would appear prognostically 
_', 1 

unfavourable and indicates an irreversible placental 

dysfunction and foetal death.Lundwall and Stakemann92 have 

also quoted diagnostically unfavourable urina~y estriol 

'absolute values in c~ses of postrnaturity: urinary estriol 

concentrations below 16 rng/24 hours indicate foetal stress 

and calI for irnrnediate delivery, either by a Caesarean 

s,ection or by labour induction. \ A study\ by Bengtsson and .--1 
4 ~ 

Forsgren demonstra~ed~hat in all cases of spontaneous 
•• 1 

abortion with,foetal death 'st~qies, a sqarp drop in estriol 

excretiôn ocèurred twenty four hours after intrauterine 

death which therea~ter decreased slowly to very low values. 

d) ~he Effects of Estrogens on the Concentration of 

Serum Copper 

The significant rise of maternal serum copper in 
, 

normal pregnancy was fi~st reported by Krebs in 1928!O 

11. f 
'-
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and sinee been we11 documented 76, 82, ~09 • Neither the 

~ signi icance nor the exact mechan~sms accounting for the 

e1aborate increases in serum copper concentrations in 
,. 

pregnancy\are cornp1ete1y ~nderstood, and the materna1 

pregnancy hypercuprernia still remains a subject of contro-
\ 1 

, 1 

versy. It has been postu1ated however, that it is the physio1ogical 

increase' in the amount of hor~ones synthesized b~ the p1ace~ta 
during pregnancy, name1y the estrogens, that are in part 

\ 

responsib1e 1er the e1evated serum copper concentrations. In 

certain diseases estrogen therapy has been demonstrated to 
1 

increase serum ~opper 1eve1s121 Adminis,tration of estrogens 

and androgens in the forro of estradio1 benzoate and testosterone 
l' 

- l~ 
propionate t~ healthy geriatr~c patients significantly 

increased their serum copper content, which returned to normal 

preadministrative 1eve1s on1y eight weeks after discontinuàtion 
\ 

of estrogen administration77 . pre~ious studies26 ,60,107,129 

have a1so clearly demonstrated a significant ri se in serum . 
copper 1evels in women taking 5ral contraceptives containing 

an estrogert, with a high correlation being estab1ished' 

between the serum copper and ceru1op1asmin leve1s 

in these, ferna1es (figure 15). A high correlation was a1so 
Il • 

found to exist bètw,een the ceruloplasmin and serum copper' 

concentrations in the àifferent stages of gestation during 
1 

pregnancy129 . l-t tl:lus appears thatthe placenta, through 

the,' endogenous secretion of high arnounts of physiOlogie 

estrogens, is of vital necessity for the marked hypercuprernia ' 

s 

, , 

! ,. 
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1 
observed in pregnancy. The,estrogens found in oral contra-

, , , 
ceptives and those naturally secreted by the placenta 

someho~ppear to actively stimu~ate the rate o!.ceruloplasmin 
~ f1' 

synthesis in the maternal liver. The increase in ceruloplasmin 

synthesis by estrogens ~ccurs ~ndependently of the hepatic 

copper content and t,he' estrogen action sites appear to be 

not only limited to uterine cells, but may be found on other 
1 

1 tissues and cells, ëis has been demonstrated in the liver of 
( 

~fOWI132. Althou~hlradioactive copper experirn~nts clearly 

indicate that increased ceruloplasmin synthesls accompany 

elevated estrogen levels, the converse situation was shown 
1 

not to be true.(/ Decrease~ tissue estrogen levels acco~plished 

by oophorectomy did not alter serum ceruloplasrnin concentrations, 

indicating that the synthesis of ceruloplasmin is not dependent 
! . 44 

on estrogen product10n. The mechanism of estrogenic 
~ 

stimulation of ceruloplasmin synthesis has been proposed 
.r 44 

by Evans and is based upon the operon concept model of 
\ 

Jacob and Monod. Estrogen may be considered to act as an 

"inducer " for the sYIlthesis of ceruloplasmin RNA templates 
'f 

which subsequently elevate the concentration of the oerulo-

p~asmin ~rotein. However"this proposition remains still ta 

~ elaborated upon since Evans did not specify for Which" '1."', 

~rotein, either the copper frèe ceruloplasmin precursor 

/. apoceruloplasmin or the actué!l ceruloplé;lsmin molecule was 
q 

there an increased synthesis of RNA templates. Nor did he 

mention whether the increased synthesis of RNA templates was 

/ 

i 
1 
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Corre-lation betweert serum copper and ceruloplasmin 

levels in women receiving estrogen xontaining 
"-,-,\ 

oral contrace~tives. This figure is shown to 

1 demonstrate that estrogens increase plasma 
, . 129 

ceruloplasmin concentr~tions. (after Schenker ) 
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a1so accompaniep by or independent of the rate of "charging" 

the apoceru1op1asmin mo1ecu1e with copper ions in the hepatic 

microsomes. 

~. Umbilical Co rd Serum Copper Concentrations at De1ivery 
, 

A) Normal pregnancy 

The mean umbi1ical cord serum copper concentration 
,; 

of 49.42 ~g% (S.D. ! 18.66) obt~iried in our study of 100 , , 
normal pregnancies agrees with the values of 55 pg %131 

and 50 pg %159 reported by other authors. Henkin65 observed 

a lower mean value of 29 pg % • 
. \ 

The mean umbi1ica1 cord serum coppe~ concentration 

at de1ivery in our second study (Study II) was 63.51 pg % 

+ (5.0. - 27.35), (figure 16). The frequency distribution 

of the normal umbi1ica1 cord copper 1evels are\il1ustrated 

in Table 8. ' It can be seen that 71% of a1l the cases fel1 

in the range of 20 - 79 pg t. TWenty nine p~rcent of the, 

t~tal observed cases had serum copper levels ra~ging between 

80. - 130 pg %; with'on1y 6% of the values exceeding 110 pg %: 

Thus the copper content in the blood of, the umbilica1 c-ord 
1 

in normal p~egnancy, whether from the umbilica1 artery or 

" vein, is approximat~ly four to five times lower than in the 

maternal bloodl05 ~-'" ' 
,-~ .! ... ' ~ 

B) Premature, Labour 

In the 7 studied cases of prematurity, the observed 

+ ~ean co rd serum copper content of 42.83 pg % (S.D. - 26.05) 

was lower than control values (figure 16). schenker130 , on 

" 
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Figure 16 Mean UmDi~ical Cord serum copper conc~ntrations 
, 

(pg Cu/IOO ml serum) at de1ivery in nQr:ma1 pregnancy 

and i,n various conditions. 
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Table 8 Frequency distribution of bmbilical Cora serum. 
'<1 

copper levels at delivery (pg Cu/190 ml serum). 
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t~other hand, did not observe any significant .difference 

between,the umbilical cord copper levels in normal and premature 
;; 

births. In our present study, s,ix out of- the total seven 

. ,cases observed fell within the 2.0 - 79 )lg % bracket and 
\ \' 

only one caèe had a' copper concentration exceeding 79 pg% • . . 
, -

An explanation a~ to the slignt hypocupremia observed in 
". 

th.e umbilical cord serum copper content of premature infarit$ 

• ' 91 may be postulated in part from a study of Linder and Munro • 

l'he y advance that ft cons:i:derable qukti ties" ~of copper are 

transferred from the mother to the foetus towards the Il end Il 

of pregnancy. However, they did not quantitatively determine 
• 

the "end" of pregnancy, whether it be at the commencement 
• 

of the third trimes ter or whetper they meant the final 

gestational week t'bat the ext'e~s'ive transfer of copper, occurred . 
. 

A decreased umbilical cord serum copper content in prema.~üre 

infants could mean that this transfer 'of maternaI copper ta 

the foetus had not yet occurred at 'the time of the preinàture , 
delivery. It is logical to assumè that a large.transplacental 

r • 

co~per transf~~ wouid result in increasing ~evels of coppe~ . , 
in .-billesl cord serum. As premature births in this ·~tudy 

thirty third to thirty sixth week of 

postulated th;at the "extensive" 
\ 

of maternaI coppe):' to the foetus via the plàcenta 
·1 

·occur. I~n~y aftér the thirty sixth gestational week. 

C) Postmaturity 

In the 13 cases of po~tmaturity studied, the mean 

. , 
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umbi1ical cprd serum copper 

(SoDo 1: 15o()3)' was record,ed. 

il 
concentration of 69.30 pg % 

" This is slightly higher (9%) "il-
. . 130 -

, than in the control subjects. Schenker' ~ound a 10% 

inc~ease~of cord serum copper (65 pg %, 9.D~ ± 15.60) in 

his cases of postmaturity, althôugh he !id ~ot àttempt 
• 

to explain this increase. It is probable.. that the already 
c 

mature foetus in utero has ,an increased ability jto synthesize 

and release ,ceruloplasml.n into the blood stream. As yet, 

nobody has "determined the cerul~p1asmin Y! "direct-reacting" 

copper conce~tr~tion ratio in the cord §erum of postmature 

infants,~ This would give an insight into othe, valigity of 

our suggestion. Examihation of'Table 8 revea1s that more 

than half (62%) of the cord serum copper values fa11 within 
, • C . 

the 50 - 79 pg % bracket whi,lé only 38% of the normal values 1 

o . , 
fell within this range. Thus, unliJte normal pregnqncy, 
l.. '" ~A 

'1:> " ~f::rt" ~ 

there appears to be a more speci'fic concentration range 

(50 - 79 pg %) where the cord serum copper values fa11 in 
J 

postrnat;ure cases. Compari tive examination of the standa,rc;l 
. . 

, deviations (± 27.35 in normal pregnancies vs ± 15.03 in 
- 0 o , 

postrnature cases) further upholds this- statement. 

D) T(3xaemia,'Prernature Rupture of the ~e~r~s jYk.RoMo)., 

and Maternal P.rdn Deficiency Anemia 
b 

In cases of pregnancy comPticàted by toxaemia, 

[ premature rupture of . the membranes, and maternaI iron 

deficiency anemia, the mean umpilical c~rd ~erum copper 
," 

concentrations of 62.17 pg ~ (S.D. t 31.02), 60.33 pg,' 

, " 
.~ 
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(S.D. !·24.98), and 65.37 pg % (S.D~ ! 30.74) respectively 

were not significantly different in comparison to normal 
• 1 ~ 

pregnancy (figure 16). The frequency distribution of 

umbilical cora serum copper concentrations in these conditions 

w~th respect to the controls were ~imiliar and no significant 

variation was observed to occur in any bracket range. 

These findings açree with those of Schenker130 , who found 

no significant differences in/the umbilical cord copper 

[) , .- leyels in toxaemic patients and those with premature rupture 

of the membranes with respect to normal values. 

E) Foetal Coppe~ Levels 
, 

a) Blood Copper,1 T" 
i \ 

According to our studies, no significant correlation 

(Pearson product moment correlation coefficient, r _..:. 0.02) 
d 

was found to exist between the maternal serum copper levels 

and the umbilical cord serum copper concentrations in normal 
/ 

pregnancy. ·'.,The increases of maternal serum copper are due 

éxclusively to an increase in the synthesis of cerulop~asmin, 

with the direct-reacting pool of serum copper remaining fairly 

constant ~hroughout pregnancy. ~ince no correlation was 

established between the elevated maternal serum copper, or 

main,ly ceruloplasmin concentrations, and the foetal serum 

copper concentrations, it appears reasonable to assume that. 
/-

the constitution of foetal serum copper is largely composed 1 

........... of the albumin complexed direct-reacting copper.. i'ncreases 

or decreases of ceruloplasmin concentrations do not appear 
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to change the serum copper 'constitution of the foetus. This 

finding lends support to the finding of Henkin65 that at , 

term, the percentage of direct-reacting copper in maternal 

serum was 9% of the total serum copper whilst 91% was acc'ounted 
1 

for by ceruloplasmin. ln 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 forme SCheinberg12~ es~ated a slightly higher percentage 
. 

of direct-reacting copper in foetal serum. Out of a total 

:of 30.5 ~g % copper in the foetal serum, 22 p~ % was bound 

to ceruloplasmin whereas 8.5 ug % (28%) was'\free. Quantitative 
t 1 l' 

.. 

enzymatic determinations of ceruloplasmin i~ the bound 

fraction of foetal serum i~dicated that in ~he foetus, as 
\ 

in the mother, almost aIl bound copper is ca~ried by _1 

ceruloplasmin66 • These results indicate t~~ quantitatively, 

foetal seJum binding of copper is not Sig(ificantlY different 

from that of normal adults. Howe~~~e presence of high 

copper concentrations in many foetal tissues in comparison 

to normal adûlt values would seem to indicate that specifie 

differences in foetal tissue metal binding (i.e., mitochondro-

cuprein) do existe 

Il In the case of the foetus, the situation is converse 

to the hyp~rcupremia observed in -the mother. As Table 9 

demonstrates, the concentration of maternal serum copper 

a't term (250 pg%) is approximately five times higher ,than that 
I~ 

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

\ 1 
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copper concentration in the serum of the immature foetus 

(200 pg%) should be so high ih comparison to the values encountered 

in the full term mature foetus. The marked difference in 

maternaI and foetal serpm copper concentrations is due to 

the relative conèentration of ceruloplasmin on either side of 

the placenta. _Hènkin65 ,66 has demonstrated that a~hough at 

term th~ total serum copper concentration in mothers was 

approximately twice the normal nonpregnant lev8l, 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 
li 

the albumin complexed direct-reacting copper that accounts 

for the ~reater proportion of/total plasma copper at birth in 

comparison to 8% or less in the plasma of the adult. Since 

the concentration pf total "free" plasma copper is nol signi

ficantly different oh either side of the maternal-placental-foetal 

gradient, the observed foetal hypocupremia is not due to r 
\ 

the reduction in the leve1s of direct reacting copper but' 

is due to a substantial decrease in the concentration of 

ceru1oplasmin. The low serum ceru10plasmin concentration 

in the foetus may be explained by the relative incapacity 

and immaturity of the foetal 1iver to synthesize the copper-
" 91 

bound ceruloplasmin molec~le It was originally believed 
1 • 

that the foetal liver 'was nonfunctional in the de novo biosynthesis 

of cerulop1asmin, lacking both the ability to synthesize the 

apoceruloplasmin precursor for ceruloplasmin and to subsequent1y 

• 
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"charge" t,he apoenzyme with copper ions in the hepatic 
\ . 

microsomes. Recent evidence however, indicates that in the 

case of the human infant the concentration of the precursor 

apoceru1oplasmin in plasma is sirnilàr to the concentration 

present in normal adu1t p1asmal35 . This ind~cates that the 

hepatic capacity to synthesize the apoprotein is not hindered 

1" in the foetus, but that on1y the abi1ity to charge apocerulo-

plasmin with ionic copper is "underdeveloped" at birth. The 

low ceruloplasmin concentration of foetal .sefum may also be 

attributed to the existing placental barrier which does not 
1 

a110w the passage of the large cerulop1asmin mo1ecu1e; 

on1y the direct-reactin~ copper is transferred to the foetus 45 ,65. 

During the first week after birth, the concentration of copper 

in, neonatal serum increases from the newborn level of 50 to 

150 ~g/100 ml, serum1 the ceruloplasmin level, measured by 

its enzymib act~vity, demonstrates a sixfold increase. After 

the firs~ week, the concéntration of copper fal1s again to . 
approximately 100 ~g/lOO ml serum ~nd remains at that level 

, 59 
throughout childhood and adult life • --

B) Total Body and Hepatic Copper 

The foetal li ver fs the main depot si te for the' 

copper transferred from the mother. It contains more than 
\ 

half o~ the total foetal body copper (ave~age 7 mg% aSi 

compared to 0.75 mg % in adults). This foetal hepatic 

copper accumulation oocurs in association with mitochondro-

cuprein, which is unique to foetal and neonatal life and 

/ 
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Zn 
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Foetus 

IJIUD8ture Full 'rerm Mother 

4'0' 160 

200 .50 

300 --. 125 

J 

Iron, copper and zinc in maternal and foetal 

serum (pg/100 ml serum). (after Widdowson159 ) 

Nonpregnant 

, , 

/ 

Pregnut 

(liS/100 al) 

60 

250 

70 

Serum copper 

BoUnd 94 

-1 

1 

203 1 

·.18!,2 t Free 

Total 

Table 10\ 

" \ -

Comparision of 

pregnant women. 

1 

,\ 

13 + 2 

_____ ~2~ __ =_:_~ ____ ~_I 107 :- '#1 -

serum copper in nonpregnant 
- 65-

(after Henkin ) 

1 

,-

\ 

and 
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l ' 
accounts for a large percentage of the total copper present 

, 
in the liver. Because of its specifie high affinity towards 

copper, it binds and incorporates the transferred maternaI 
1 

coppet and thus prevents the coppér in the foetal liver from 
\ , 

reachtng toxic levels. N~onatal mitochondrocuprein is'a 

hi9hl;,z:in , lubIe protein c?ntaining a la~ge amount of cysteine 

groups probablY in the forro of disUlfide/'bonds and contains 
1 

about four percent copper. It is probably made' up of peptides 
\ . 

of a molecular weight simil~ar to the copper ~ortaining 

enzyme, c'ytocupreinl1S Twenty percent of the hepatic copper 
\ 

, 
is loca~ized in the nuclear fraction of parenchymal cells, 

1 

which declines to 9% in t~e adulte The remainder of the 

l 

hepatic copper-- is aistributed throughout the soluble cytosol __ _ 

and other cellular organelles. , Postnatally, at 60 days of 
1 

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% 
• 1 

, 116 
of the total hepatic copper . 

f 
The total body copper of infants is significantly 

higher than in mature adults. It can be seen from Table II 

that the copper concentration in the full term puman foetus 

(0.47 mg Cu/lOO grams fat-free tissue) is about three times 

as high as in the/n:rmal adult (0.17 mg' Cu/lOO, grams fat-free 

tissue)lS9 The extensive'maternal-foetal copper transfer,· 

especially in the third trimester of pregnancy, accounts 

for the high concentration of çopper in the newborn. 
1 
1 

An 

, 
1 1 

l 
! 
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upper limit for çopper accumulation appears to exist, at 
1 

leas,t in rats: this ~ not exceeded wflèp large amounts of 

copper are added to the diet42 • 
~ 

1 

Widdowson159 has studied the intakes and excretions 

of copper in normal human infants and found that on the 

<\~ , A re+at onshl.p 

was established between the dietary ,'ntakes of co 1 er in 
v 

average, infants were in copper balane . 

/ 

milk and the amount of copper that was 9reted ("n the fqeces; ~ 
• 1 0 

the babies with the highest copper intakes eXcre ed the Most 
r 

copper in the faeces. Nonsignificant ~egative balaqces 

were occasional1y observed and were a1ways due to high faeca1 
, 1 

j 

excretions of copper and not to urinary copper ~xcretions, 

urine containing, negligible amounts of copper. 1 It i'6 suggested 
, 

that constant homeostatic mechanisms are a1ready functioning 

ear1y in life which maintain the copper i,n the body in a 
~ 

constant equilibrium. Thus" copper losses and gains may 

be easi1y rep1enished and excreted from ~he normal diet. 

It wou1d appear that nature has provided a mechanism , 

to prevent the developrnent of copper~deficiency during(the 

period of -life when little copper is pr?vided in the diet. 
/ . 

Mi1k, being the almost exclusive dietary supp1y of the neonate, 
! 

contains a low copper conc~n~ration (0.08 - 0.18 mg Cu/litre 

undi1uted milk)83 and as! such a copper deficiency could 
. 1\ / , , 

,develop in infants on a mi1k diet 10w in copper. Considerable 
,\ ' 

quantities of mat~rna1 copper are transferred to the foetus 

during the te:i'nal stages of pregn~nd substanJia1. 

,1 

/ 

/ 

/ 

) 

/ 

/ 

, 
~ 
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~ 
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~ 
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Foetus. Full Term Adult 
20 Weeks Newborn 
Gestation 

! 
5.80 9.40 1.40 Fe 

\ 

Cu 0.·32 0.47 0.1\7 

Zn 2.00 1.90 2-.80 

Table II Re1ationship between the concentration of iron, 
1 

~~opper, and zinc
1 
in foetal and adu1t tissues 

(mg/lOO grarns fat~free tissue). 

(after Widdowson159 ) 

. .. 
" -
, .. 

• 
'1 
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portions are retained in the'liv~f in association with 
• mitochondrocuprein. puring suckling, the low dietary intakes 

1 
1 

of copper result in the removal of th(t'~ __ ltored hepatic copper 

which is then i~creasinglyt t~ansferred and incorporated into 

Plasma)beruloPlasmin and' other essential copper containing 

,enzymes. During the early postnatal period, the ~epatic 

mitochondrocuprein is still present in the parenchymal 

mitochondria. With inc~asing age of the infant, induction 

of adult proteins by "basic mechanisms which are common to 

many adaptive processes within the complex mammaliam 

organism" occur9l • An overall schematic representation of 

copper metabolism in pregnancy is depicted in figure 17. 

3. Placental Copper Concentrations at Delivery 

The full term human Placerta measures from 15 to 

20 centime~ers in diameter, is 2 to\J centimeters thick, and 
1 

weighs between 500-600 grams. The placenta can be divided 
1 

into both foetal and maternal portions. The foetal portion, 

consisting of the chorion frondosum with villi, is covered . 
witH~amnion underneath which run the branching vessels that 

enter and leave the umbilical cord. The external surface 
f' 

attacned to the uterus and divided into irregularly shaped 

cotyledons is the maternaI portion of the mature placenta. 

The function of the placenta is ~o 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 m~intaining exctetory pathways., , At the sarne 

1 
1 

________________________ 1 -'._f1-.. ,'i)) 
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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 deve10ping 
1 

foetus 56 , 130. ' \ 

A) Normal pregnancy 

The mean placenta1 copper content at delivery in 

+ our series was recorded_as 8.45 pg/gram dry weight (S.D. 

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 appears therefore that the placenta 

has a higher copper content th an most organ~. According to 
\ ' 

Tipton and cooklSO , who have not measured placental copper, 

the only organs which contain higher copper concentrations are 

the brain (21.9 pg/gram dry weight), 1iver (18.8 ~g/gram dry 
1 

'~eight), kidney (11.9 ~gAgram dry weight), heart (14.0 pg/grarn 

( 

dry weight), duodenum (10.5 pg/gram dry weight) and jejunum 

(8.97 pg/grarn dry weight). It may be seen from Table 12 that 

83% of the cases ~ad placental copper concentrations inr the 
1 

range of 4.0 - 9.9 ~g % on a dry weight hasis. ~eventeen 

percent of the valueslranged between 10.0 - 16,0 pg%. 

B) Premature Labour 

In 7 cases of prematurity with delivery occuring 

between'the thirty third and thirty sixth gestàtional 

week, the mean placental copper concentration was recorded 

as 10.15 pg/gram dry weight (S.D. ± 1.48), (figure 18). 
, > 

This mean is significantly (20%) h~gher than that of normal 
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1 

1 

/' 

.. 



, 
" , 

;, 

.-<' •• ,,~~~ ...", J, ••• ~' ~t, 

- 109 -

\ ,1 
pregnancy. The values in aIl cases, fell in the range of 

<t/iI 

7.-0 '- 12.9 }lg % and in 4 of' these cases the values were 

o,ver 10 119%. Thus the frequency distribution of ..pjacental 

copper concentrations in premature births was more specifie 

(Table 12). 

C) Other Conditions (Postmaturity, Toxaemia, Premature 

kupture of the Membranes) 

Placental copper concentrations were measured in an 

additional 28 cases, including postmaturity, toxaemia, and 

premature rupture of the membranes. The mean values obtained 

did not differ significantly from those in normal pregnancy 

(figure 18). These inclUded 13 cases of postmaturity -,1 , 
I;j 

(8',72 11g%, S.D. ± 1.63), 6 cases of toxaemia (9.110 119 %, 

+ S.D. - 2.80), and 9 cases of pr~mature rupture of the membranes 
+ ., 

(8.29 119 %, S.D. - 1.88). If these 28 cases were added to 

the 106 case~ 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 

MaternaI-Foetal Transfer 

The above data permit sorne evaluation of the 

possible role of the increase of copper in pregnancy. It 

appears certain that the placental cOPRer concentration does 

not reflect the maternaI srrum copper values. Although the 

maternaI serum copper values are increased in toxaemia and 

decrease~ in cases of premature rupture of the membranes 
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and post~aturity, the placental copper concentrations in 

these conditions remain within normal limits. in premature 

labour, the maternaI serum copper values are decreased and 

the placental copper i~ increased. It appears logical 

to assume that the placenta 'concentrates copper for the purpose 
\ 

of transfèrring the metal.to the foetus at seve~al stages 

of pregnancy. SiHee plasma ceruloplasmin does not wholly 

account for the placental 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 'maternaI direct-reacting copper retrieved fro~the 
1 

plasma or of copper cO,ntaining enzymes. 

The,first source of copper which possibly contributes 

to the copper content of the placenta is the maternaI direct-

reacting copper pool. Controversy, exists concerning the 

mechanism of maternaI copper transfer to the foetus. 

\ k" 65,66 . d Il f Il d . Hen ~n has postulate a copper trans er mo el ~n 
, 

\ ' 
which only the direct-reacting copper is available for the 

, 
'unidirectional maternaI-foetal transfer of copper. Copper 

1 ~ 
transferred to the foetus appears ta mave'across the placenta 

by passive transfer with an existant maternaI-foetal ~radient 

of 13 pg/lOO'ml plasma. We believe that it is important 

to determine whether the copper in transrer was still 

loosely bound to albumin in its preexistant maternaI s~ate, 

whether the copper became associated with sorne other unidenti

fièd substance, or whether the copper became freely ionizable 

o 

" \ 
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in course of the t~ansfer. Taradaiko144 has carried 

out copper deterrninations in the umbilical artery and vein 

and in retrop+acental blood. He agrees with Henkin65 ' 

that only the copper not bound to-~eruloplasrnin is transferred 

from the rnother and is found in the umbilical cord blood. 

However, Taradaiko concludes that maternaI copper does not 

appear to cross the placenta by passive diffusion but that 

copper accumulates in the placentd and is transported to 

the foetus by an active transport mechanism according to 

foetal needs. In our study of premature labo~r, the higher 

Plac~ntal copper levells on the maternaI side concomitant wi th 

lower foetal serum copper concentrations would appear to 

indicate that the placenta is "holding" the copper stores 

for the foetus. This "holding" of copper stores \>lould seem 

to contradict Henkins 65 ,66 proposaI of' passive placental 

diffusion of copper and indicate that direct-reacting copper 

is stored in the placenta, which would support the proposal 
. \ 144 \ 

of Tarada~ko that copper is actively transported to the 

foetus. 

A second, though small, source of placental copper 

rnay be the copper containing enzymes. Southrenl3l(haS shown 

that one suc~ enzyrne~ diamine oxidàse (DAO), is markedly 
r 

1 increased during gestation. It has also been suggested by 

Southren138 that the increase of DAO leveis is due to an , 
1 

increased production of a specifie amine by the foetus, 

possibly a histamine - like compound which acts both as 

a,,"~ ______ ----"----"$~a .......... """-------------------------------------
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inducer and natural substrate for the enzyme. DAO aetively 

deaminates histamine-and other diamines, which in their 

undegraded form could act as potentially'harmful agents to 

the deve10ping foetus; therefore a self-defensive mechanism 

on.,tme part of the foetus can be assurned. Southren137 has 

demonstraùed that the placenta is the site of DAO synthesis, 

more specifically the retroplac~ntal decidua, which synthesizes 
\ \ . 

the enzyme and secretes it into the plasma. Thus at least 
l ' 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 oeeurs 

gradually throughout pregnancy or whether it only occurs in 
1 

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 

1 
exist in the placenta, which permit a moderate supply of copper 

to tme foetus during gestation with the mJssive transfe~ 

~ccuring after the thirty sixth gestational week. 

4. Maternal Iron Deficiency Anemia 

Approximately 95% of the anemias encountered in 

pregnancy are due td iron deficiency. The incr~ased demand 

fo~ ir6n imposed by the foetus combined with a frequently 
1 A 

inadequate diet and initially insufficient maternal iron 

stores at the onset'of pregnancy may lead to a microcytic, 

hypochr~mic iron deficiency anemia. ,The total iron requ~rement 

during pregnancy was established to be about BOO mg, including 

lA ,"-........ &.:.:: ............ -------------
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\ 

500 mg of iron necessary for the mother for expansion of 

erythrocyte volume plus 300 mg required for the mature foetus 

and placenta; an qdditional 50 mg of iron lost in blood during 

the parturition should be replaced (figure 19). Out of the 

total 3500 - 4000 mg of iron normally prese~t in the adult, 

circulating hemoglobin accounts for approximately 70% of 

this total'while 25% ia stored as ferritin in the bone 

marrow, sPl~en, ancJ'~":ver. To maintain an adequate supply 

of iron for the increased metabolic needs of pregnancy, a. 

daily dietary intake of eighteen millïgrams 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 

nutsi it should be remembered that these ingredients are 

also of high calorie content and therefore are not always 

recornrnended. 

In the 9 cases of maternal iron defioiency anernia 

included in our study, the rnean maternal Sérum cô~er concen

tration lof 280.37 pg % (S.O. ± 47.07) was higher than the 

normal mean of 257.91 pg %. The mean umbilical cord serum 

copper concentration of 65.37 pg % (S.O. ± 30.74)' was not 

significantly different frorn the normal mean of 63.51 pg % , 

observed in other cases. AlI cases of anemia had hernoglobin 

concentrations of less than 10 gm/lOO ml serum (mean 9.2 G %) 
1 

and a hematocrit of 30 percent or less, these criterLa generally 

being' accepted as indicative of maternaI iron deficiency 

" . 



, \ 

j 

Figure 19 

o 

- 116 --

Gut 

a 

" 

\ 

/1 

1 Normtd, Lonf 
1nal/dctr 

:> 

The iron requirements of normal pregnancy. 

Cafter Greenh~1156) 

\ . 

/ 

.. 

J 



"' 

.. 

o 

,. 

1 ~ '~ • ,) ,,:( , • ',... ~ .. ., l •• ~ ~ ~ ~ ( 

- 117 -

. . . k 157 b dl' f 1 anem~a. WaJc~c a 0 serve an e evat~on 0 materna serum 

copper in a two-fold increase when compared to that observed 

in normal pregnancy. It appears that higher matérnal serum 

copper concentrations concomitant with decreased maternaI 
o ~. 

hemoglobin concentrations represent a possible relationship 

between these two v~lues. We found that a statistically 

significant inverse correlation (correlatton coefficient, 

r =-0.82) exists at term between the maternaI serum copper 

concentration and the maternaI hemoglobin level. 

A) Relationship between Ceruloplasmin and Iron 

" Metaboli'sm 

Recent evidence indicates t~at ceruloplasrnin, more 

recEmtly referr~d to as ferroxidase, is involved both in 
1 

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 ~eleased from 

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

attached iron from the ferric to the ferrous stat~. Divaient 
, 47 

iron is then released into the plasma The known preferentiai 

binding of iron free apotransferrin to ferric iron is achieved 

by a reox~dation of Fe II to Fe III in the plasma. The 

proposaI b~ Friedep47 and Osaki llO states that ceruloplasmin 

is the enzyme responsible for the oxidation of ferrous to 

ferric iron in the plasma. The ferric forro May bind with 

apotransffrrin to forrn the iron transfer rnolecule, transfe1rin, 

1 
/ 

. ~. ' 
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1 

which distributes iron to all tissues.' Sorne evidence 

exists supporti~g this hypothesis. Ascorbate in the plasma 

is a sufficiently potent reducing agent that can spontaneously 

convert any ferric iron to the ferrous state. 47 ~elbock64 

claims atin the absence of ceruloplasmin, the rate of 

to 

iron oxidation in th~ plasma would not be'adequate 

ferric - transferrin demands of th~rerythroid 

cells for the biosynthesis of hemoglobin and other , 

containing ,proteins. Further experiments in vitro 'J 
demonstrated that the ceruloplasmin - catalyzed oxidation' 

of ferrous iron is ten to one hundred times faster-~han the 

nonenzymic oxidation under co~ditions that may be expected 

in vivo. The presence of 40 ~ 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 irone It was furthermore postulated that 
f) 

ceruloplasmin, by enhancing the creation of significant 
1 

concentration gradients between intracellula~ iton in the 
Il 

storage o~gans and the iron concentration of the capillary 

system, may be partly,responsible for the movement,of storage 

iron to plasma. 47 ,110 It was suggested that this is accomplished 

by inducing a rapid efflux of iron from the reticuloendothelial 
64 system • A summary of the overall working hypothesis is 

~chematicallY represented in figure 20. 

/ 
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In no other physiological conditions such a great 

demand and extensive utilisation of iron 'exists as in 

pregnancy. A 15% increase in the maternaI hemoglobin mass 

and a 6% increase in the red blood cell volume oceur in the 
1 • 89 

demands of~both foetal and maternaI tissue oxygenat10n 

Increased absor~ability of ferrous iron in the mucosal aells 
, 

of the upper gastrointestinal tract results in a greater 

storage of iron in maternaI tissu~s, particularly in the 

liver46 • A higher percentage of maternaI transferrin sa~urated 

with iton may possibly be related to the elevated ceruloplasmin 

levels of pregnancy. The increased cerUlOipa min levels.may 

partly provide an increase in tissue iron mo ilization as 

weIl as a faster plasma ferrous iron oxid~ ion rate, ferrous 
/ 

plasma iron also being substantially increased from increased 
1 

absorption and from transport from storage sources. It 

appears logical to assume that tpe greater saturation of , 

maternaI transferrin during pregnancy imposes a greater 

demand for the oxidation of ferrous to ferric iron in the 

plasma. Since thi~ oxidation~s presurnably catalyzed by 

ceruloplasmin, greater plasma concentrations of this copper 
, 

enz~e, biosynthetically induced by the estrogens in pregnancy," 
1 

may be needed to efficiehtly handle the increased amounts 
Q 

of plasma ferrous iron which must be catalytically oxidized. 

As previously mentioned, the absence of c~ruloplasmin under 

normal conditions may result in an inadequate transfer of 

ferric-transferrin to the bone marrow for hemoglobin synthesis llO • 
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In the case of pregnancy, where iron demands for hemoglobin 

~ynthesis greatly exceed those of normal conditions, the 
~, 

increased transfer of ferric-tran~ferrin to the erythroid 

bone marrow results'from an increased coupling of ferric 

ions to apotransferrin, the latter presumably being 

\ achieved from ~ncreased ferroxidase oxidation of plasma 
\ 

ferrous irone \Not only is there a greater demand for transferrin 
\ 

by the maternal\bone marrow cells, but increased saturation 

levels of materAal transferrin is of prime importance for 

'. . the transfer of ~ron to the foetus, S1nce the mother's 
, 

plasma appears to be the only important source of iron for 

the foetus 46 • Fletcher46 observed that the maternaI 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. 
1 

It appears that a high. and constant amount of "saturated" 

transferrin must be readily available in the matern[al plasma, 

not only to supply the greater demand of maternàl hemato-

poietic organs~ but to make iron rapidly available to the 

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 xo ferric iron oxidation in 

the plasma and thus'generate feFric ion availability for 

transferrin formation. 

Our observations of a maternal hypercupremia and 

if 
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a statistically 'significant inverse relationship (correlation 

coefficient, r= - 0.82) between mqternal serum copper concen-

trations and maternaI hemoglobin concentrations in cases of 

maternaI iron deficiency anemia may be explained on the basis 

" of the "ceruloplasmin - iron oxidation the~ry. Decreased 
f 

concentrations of iron in maternaI storage tissues in anemia 

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

that is made available to the plasma. SubsequentIy less 

~" 
ceru10plasmin may be needed for the oxidation of ferrous iron 

to the ferric state. Since there is a deficiency of iron 
,1 

,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 
1 

ferrous iron concentrations may result in an equilibrium 

shift w~leads to a higher percentage of ceruloplasmin 

not being reduced and degraded in oxidizing ferrous irone 

Thus , possibly more free "unutilised" ceruloplasmin may be 
\ 

found in the plasma, which may partly account for the 

maternaI hypercupremia_in ,cases of iron deficiency anemia. 

On the basis of these facts, it may be tentative1y 
4 

assumed thàt one of the main functions of the elevated 

maternaI plasma ceruloplasmin concentrations in pregnancy 

is to increase the rate of ferrous iron oxidation to saturate 

plasma transferrin. A greater saturation of transferrin 

with iron occurs not only to meet the demands of increased 
\ 

maternaI hemoglobin synthesis but to also maintain a constant 

and readily available,s~pply of plasma ironlwhich is 
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available for the foetus by constant passage through the 

placenta. 
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CHAPTER 5 II' 

CONCLUDING COMMENTS AND SUMMARY 

1. It is·well established that copper is an essential 

trace element in all living organisms, due to its partici-
1 

pation in enzymatic catal~sis, particularly with reference 

to oxidative enzymes such as the cytochrome oxidases in 

the respiratory chain. Environmental copper is present 

in the soil, water, and Jatmosphere and thus invariably 

in foodstuffs. Foods rich in phospholipids,_particularly 

organ\meats~ contain high concentrations of copper and are 

responsible for meeting the daily nutritional requirements 

in man and anirnals~ 

2. Data on normal co~per m~tabolism in man indicates that 

th~ average daily dietary intake is in the range of 2 to 
1 

5 mg. Ingested copper is absorbed mainly from the duodenurn 

and uyper jejunum. At least two absorptive mecha~isms 

have been postulated, in association .with specifie 

proteins: 
1 

the superoxide dismutase and a "rnetallothionein" 

protein. The presence of other transition elements, 

inorganic sulfate, and calcium carbona'te in the iniestinal 

lumen inte~fere with the absorption of copper, ei ther by 

competitively binding to copper recepter sites or by . 
chemically altering the copper complex. 
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3. Copper is found in two forms: a firmly and a loosely 

• 

bound form, present in both tpe plasma and the erythrocyt~s. 

, In plasma, the firmly bound copper is i~corpbrated in 

the cerulop1asmin molecu1e (93%) whi1e the loosely bound 
(> 

copper accounts for the direct-reacting copper (7%). In 

erythrocytes, erythrocuprein accounts for the firm1y 
! 

bound copper (60%) whi1e 40% of the~pper is loca1ized 

in the more labile "protein Il fraction. The mean serum 

copper concentrations reported are 109 pg % for men and 

120 Jlg %._ fpr women. No sex differences exist in the copper 

concentration of erythrocytes. The copper content in 
.~ 

100 ml of packed erythroçytes has been reported as 89 ~9. 
J 

Hypocupremia (as in hepat~lenticular degeneration and 
( 

nephrosis) and hypercupremia (as in Hodgkin's disease, 

1eukemia, and bacteria1 infections) have been described 

to occur in association with various c1inica1 conditions 

in man. 

4. Copper is rnetabolized in the liver with resulting 

,< 

incorporation into ceruloplasmin, the physiolo~ical ro1e 
, / 

of which i5 no~ completely u~derstood. The liver contains 
J 

10% ètf.""the body coppe~, with lesser amounts being 

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

or.d~r. The main excretion route for càpper is the biliary 

tract; renal excretiop is responsible for a neg1igible 

percentage (les9 than 1%). Copper deficiency and 

./ 

., 
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(l ,r''': 
toxicity states in humans are rare, d~e to the presence 

of specifie homeoatatie mechanisms which maintain t~e 

body eopper'within constant limits. Because animals . 
lack such mechanisms, they are more susceptible to copper 

\ • deficiency and toxici~y effects. Many naturally occuring· 
\ 

diseases in animals Bave been ascribe4 to cqpper defiency, 
\ 

auch as enzootie nebnatal ataxia in sheep, as wel1 as 

several conditions due to copper toxicity. ( 

5. In the current studies, the maternal serum copper 

concentrations were determined using atomic absorption 

spectroscopy technique in 206 cases of normal pregnancy 

and 144 cases of pregnancy with various conditions, 

selected from 2032 pregnancies. The' mean matern~i ser~ 
;; 

copper concentration in normal pregnancy at terrn was 

reeorded as 259.60 pg %. This is significantly higher 

than serum copper levels in nonpregnant women, which was 

found to be 117.38 pg ~. 

) 

In cases of intrauterine foetal growth retardation, the 

observed mean serum copper concentration of 183.44 pg % 

was significantly lower th an bhe mean of control subjects. 

In both prematur~ labour and postrnaturity cases the trend 

~ copper concentrations was lower. This is 

explainable by the fact that the peak of maternal serum 
1 

1 copper concefitration is reached at terrn, and th'erefore 

1 , 

\.'r'X 
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sarnpling carried out before that'date will yield a 

lower copper concentration. ~milarly in postmaturity 

cases, the maternaI s'erum c~pp~r levels begin to d,ecline 
1 

after terme These differences were not statistical~y 

significant when comparea to those delivering at terme 

ln cases of toxaemia and gestational diabetes, the maternaI 

serum copper levels tended to be higher than normal. In 

these cases, subliminal liver changes may be responsible 

for the increased release of copper into the circulation. 

i '" 

6. The copper concentrations of ~ilical co rd serum as 

weIl as placental copper levels were determined ,in 106 

cases of normal pregnancy and 44 cases of~regnancy with 
.. 
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 maternaI 

1 

serum copper conaentration at terme 

In cases of premature labour, the observed mean umbilical 

cord serum copper content of 42.83 ~g % was lower th an 
-',,", ~ 

in the controls. This may be explainable by the fact 

that the extensive transplacental transfer of maternaI 

copper ~o the foetus had not yet occurred at the time 01 
premature delivery. In postmature cases, a 9\ increa,i 

in the umbilical cord serum copper content as compa~d 
1 

to normal pregnancy was observed: the already mature 

'\ 

': 
1 

'" ,;., 
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foetus in utero may be commencing the biosynthesis of 

ceruloplasmin. The umbilical cord serum copper concen-
, ' 

\ tration in cases of toxaemia and maternaI iron deficiency 

anemia did not ideviate significantly from the mean of 

normal pregnancy. 

o 

T~e mean ~lacental copper concentr~tion in 106 cases 

of normal pregnancy was found to be 8.45 pg Cu/gram dry 

w~ight and 1.52 pg Cu/gram wet weight. 

1 
In premature births, the mean placental copper concentra-

tion of 10.15 pg Cu/gram dry weight was higher (20%) 

than that of normal pr~gnancy. In cases of toxaemia 

and postmaturity, no significant differences in the 

placental copper levels were observed when compared to 

normal ~\ pregnancy • 

8. Sorne postulates may be suggested as explanations of the 

data recorded in our studies. A significantly lower value 

of maternaI serum copper was observed i~ cases of intrauterine 

foetal growth retardation; this may be related to placentàl 
1 . 

dysfunction, alterations in the foetal-placental~maternal 

metabolic interelationship or to quantitative decreases 
\ ~ 

of:estrQgenic secretion by a sm~ll placenta. The 
~~ . 

reduction in the amount\ of estrogens secreted-by the 

placenta may result in a decrease of ceruloplasmin 

synthesis, sinee the induction rate for eeruloplasmin RNA 
i 

" 

\1 
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ternplates would be reduced by the lack of sufficient 

levels of estrogens. The maternaI hypercuprernia of 

toxaemic patients rnay be a result of hepatic damage, 

not recognizable clin~cally, with release of stored copper 

into the blood stream. In gestational diabetes, which is 
'< 

often associated with toxaemia, the slight materAal 

hypercupremia rnay also result from hepatic damage. In 

premature birtps, the maternal hypocupremia i5 probably 

explainable by the fact that serum copper concentrations 

reach their peak levels at termi therefore sarnple 

estimations before this date should yield lower values. 

Sirniliarly, the maternaI hypocupremfa of postrnature cases 
1 

is most likely due to the~fact that,ser~ cop~er levels 
/' 

decline after the 38th gestational week; therefore sample 

estimations after this date should yield lower values. 

A quantitative decrease in the amount of estrogens 
\ 

secreted by the placenta, due to p\lacental dysfunction 

of prolonged pregnancy, may also be responsible for 

lower serum copper levels in these cases. 

, 9. Th~ finding that no statistically significant correlation 

,(correlition coefficient, r '':: - 0.02) exists between the 

urnbi~a~ cord 'serum.èopper levels and maternaI serum 

copper concentration~ in normal pregnancy indicates that cerulo-

.plasmin is -not the major"copper c?nstituènt of foetal ser~, as 

is the case in maternaI serum. MaternaI ceruloplasmin 
• 

levels do not appear to be reflective of foetal serum 
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copper concentrations. Experimental studies support 

the view that the direct-reacting pool of copper reprepents 

the major constituent of foetal serum. 

10. A decrease in the concentration of serum copper in 

the umbilica~ 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 ~regnancy. This extensive transfer 

prob~bly occurs after the 36th gestational week. The 

fact th~t there is statistically no significant correlation 

between the placental copper concentrations and the 

maternal serum copper bound to ceruloplasrnin' indicates 
\ 

" 

that the coppér content of the placenta is rnainly of 

,the direct-reacting fraction and copper incorporated 

into enzymes specifie fOf gestation. 

11. No data is av~ilable in the literature, to the best of 

our knowledge, to indicate the possible significance 

of'the elevated ~erulopla~in levels in pregnancy. 

Il Several observations arising from our studies are presentedi 

these seern to support :the "ceruloplasmin - iron oxidation" 

theory and indicate a possible role of qeruloplasmin 
, . , 

/' 
in the metabolism of iron in pregnan~y. 

The Phy~ioloJical increase of,ceruloplasrnin concentration 

J 
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during pregnancy may be related to the increased maternal 

gestational demands for iron. The augmented iron 

mobilization from maternaI iron stores as weIl as the 

maintenance of transfeDin-saturated iron by plasma 

ferrous oxida~ions may be the proposed,function of 

ceruloplasmin; this refers to usage by maternaI 

hematopoietic organs and for transplacental transfer 

to the foetus. A highly significant inverse relationship 

between the maternal hemoglobin concentration and 
\. 

maternaI se~um copper concentration in cases of maternaI 

iron deficiency anemia suggests that less ceruloplasmin 

is needed for oxidizing the ferrous ion in the plasma 

as well as for mobilization of maternaI iron stores. A 
4 , 

decreased ceruloplasmin utilisation would result in a 

decreased degrada,ion of the protein, with resultant 

elevation of serum copper concentration. 

\ 

12. Obstetrical research in the area of developing a 

\ 

dependable method for the assessment of the intrauterine 

environrnent should continue to reduce perinatal 

mortality and morbidity. Accurate measurements of 
-

gestational copper status may prove useful in the 

deterrnination of fqetal well-being. The current 

urinary estri,ol assays utilised for the detection and 

monitoring of "high" risk patients poses sorne problems. 

The e~triQl concentrations increase significantly,only 
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in the last trimester of pregnancYi therefore this data 

is not indicative of complications which may occur 

earlier. The sample collections (twenty four houri! urile 

specimens) involve a tedious procedure. In trying to 

apply estrial dete\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 lab?ratories 

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

-Brown analysis) • 

\ 

MaternaI serum copper concentrati?n determinations 

May be used as diagnostic aids in conjunction with 

other presently known diagnostic methods for evaluating 

foetal status. The advantages of serum copper measurements 
, 

over urinary estridî assays consist of the speed of 

sample procurement and analysis, economy, and sensitivity. 
\ 

The deb~ction of compl~cations as earlyt as the tenth 

week of gestation may be qided by this method. SeriaI 

serum copper determinations throughout pregnancy, . . 
depicting a general trend of copper levels, could be 

; 

employed in the assessment of foetal welfare in different 

, cases. Sin~le maternaI serum copper determina1tions could 

also serve as valuable aids in the1diagnosis of I.high" 

ri~k patients. Mother~ having markedly low serum copper 

concentrations than what one would normally expect in 

l' 
~' 

~ , 
,1 

" 

i 
i 
1 
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the third trirnester of pregnancy should be ass~ssed 

further with respect to possible foetal growth retardation 

or pending to abortion. 

i\ 

1 
1 

cucas 



1 

, .. 
t ,~l' • ~ 1.~.j;!, ' ''':!#j ~ ... ~ 1 

, 
- v -

REFERENCES 

1 

1. Banerjea, S. K.: J. Obstet. Gynec. Brit. Cwlth. 69: 963, 1962. 

2. Bearn,< A. G., and Kunkel, H. G.: Proc. Soc. Expt1. Biol. Med. 
85: 44, 1954. 

1 
3. 'Beek, A. B.: Aust. J. Agr. Res. 12: 143, 1961. 

4. Bengtss~n, L. P., and Forsgr~nr B.: Lancet 1: 339, 1962. 

5. Bennet, r., and Poskanzer, D.: Harrison's Principles Of Interna1 
" Medicine: p663, McGraw Hill, 1970. 

6. Bernhard, Z., and Pfeifer, V.: Acta. Obst. et. Gynec. Scandinav . 
. 38: 742, 1959. 

7. Bowland, J. P., Braude, R., Chamberlain, A. G., G1ascock, R. F., and 
Mitchell, K. G.: Brit. J. Nutr. 15: 59, 1961. 

8. Brodskii, I.: Industrial Hygiene and Toxicology!!: rnterscience 
Pub1isners, 1963. 

9. Broman, L.: Acta. Soc. Med. upsal. 69: Suppl. 7, 1964. 

10. Brown, F. C., and white, J. B.: J. Biol. Chem. 236: 911, 1961. 

11. Bucho1z, C. F.: Rep. Pharm. 2: 253, 1816. 

12, Buffoni, F., and Blaschko, H.: Proc. Roy. Soc. London. 161: 153, 1964. 

13. 

14. 

,A.f"I..* .. ~ .. .c ._~.x . . t l "t • J4 :Ai. 

Burch, E. R., Hahn, K. J. H., and, Sullivan, J. F.: Clin. Chem. 
21/4: 501, 1975. 

Bush, J. A., Mahoney, J. P., Markowitz, H., Gub1er, C. J., 
Cartwright, G. E., and Wintrobe, M. M.: J. Clin. Invest. 1!: 1766, 1955. 



15. Bush, J. A., Mahoney, J. P., Gubler, C. J., Cartwright, G. E., and 
Wi nt robe , M. M.: J. Lab. Clin. Med. 47: 898, 1956. 

16. Carrico, R. J. and Deutsch, H, F.: J. Biol. Chem. 244: 6087, 1969. 

17. cartwright, G. E.: Copper Metabolism In Human Subjects.A Symposium on 
Copper Metabolism: p274, J. Hopkins Press, 1950. 

18. cartwright, G. E.: symposium On Copper Metabo1ism: pp198-220, J. Hopkins 
Press, 1950. ) 

19. Cartwright, G. E., Markowitz, H., Shields, G. S., and wintrobe, M. M.: 
Amer. J. Med. 28: 555, 1960. 

20. cartwright, G. E., and wintrobe, M. M.: Amer. J. Clin. Nutr. 14: 224, 1964, 

21. 

22. 

23. 

\ 

24. 

.. 
cartwr~ght, G. E., Gubler, C. J., Bush, J" A., and Wintrobe, M. M.: 

Blood Il: 143, 1956. 

Cartwright, G. E., Gub1er, C. J., and 
1 

Wintrobe, M. M.: J. Clin. Invest. 
33: 685, 1954. 

cartwright, G. E., and wintrobe, M. M.: Amer. J. Clin. Nutr. 15: 94, 1964. 

" ' ~ 
chatterji, ,S. K. and Ganguly, H. D.: India~ J. Med. Res. 38: 303, 1950. 

25. Chou, T. P. and 'Adolph, W. H.: Biochem. J. 29: 476, 1935. 
1 

26. C1emetson, A.: Aust. Veto J. 42: 34, ~~66. 

27. Clemetso~, C, and Andersen, L.,. Obstet. Gynec. 24: 774, 1964. 
1 • 

28. Cohen, S. R.: J. Occup. Med. 16(9): 621, 1974. 

29. Copper and Brase Bulletin,Copper and Brass Research Association 189: 1959. 

30. Cotzias, G. C.: proc. 1st Annu. Conf. Trace Substances Environ. 
Health: p5, ColU!llhia Press,_ 1967. 



l' 

31. Csapo, A., yaffin, H., Kerenyi, T., Lipman, J. r., and Wood, C.: Amer. 
J J. Obst. & Gynec. 85: 819, 1963. 

32. Cunningham, 1. J.: Biochem. J. 2~: 1267, 1931. 

33. Curzon, G.: Nature 181: 115, 1958. 

34. Curzon, G.: Wilson's Oisease -- Sorne Current Concepts; edited by Wa1she, 
J. M.,. and Cumings, J. N.: p96, Oxford Press, 196!. <t 

35. Davis, P. N., Norris, L. C., and Kratzer,F. H.: J. Nutr. 77: 217, 1962 . . 
36. Denny-Brown, D., and Porter; H.: New Eng1and J. Med. 245: 917, 1951. 

37. Dick, A. T.: Aust. J. Agr. Res. 5· 511, 1954. 

38. Dick, A. T.: Soil Sei. 81: 229, 1956. ) 

39. Durum, W. H., and Haffty, J.: Circ. O.S. Geol. Surv. 445: 1961. 

40. Earl, C. J.: Anatomieal Distribution of Copper in Human Brain; In--
Wi1son's Oisease Sorne Current Concepts: p18, Illinois, 1961. 

41. Evans, G. W.: Physio1. ~ev. 53: 535, 1973. 

42. Evans, G. W., and Wiederanders, R. E.: Amer. J. Physiol. 213: 1177, 1967. 

43. Evans, J. L., and Abraham, P. A.: J. Nutr. ~: ,196, 1973. 

44. Evans, G.'W., Cornatzer, N. F., and Cornatzer, W. E.: Amer. J. Physiol. 
2l8( 3): 613, 1970. 

45. Feoehari, K.: Unpublished Results, M.Sc. Thesis; McGill University, 
Montreal, 1977. 

46. Fletcher, J., and Suter, P. E. N.: Clin. Sei. 36: 209,1 1969 • 

,? 



• 
/ 

47. Frieden, E.: Nutr. Rev. 28(4): 87, 1970. 

48. Frieden, E.: Horizons In Bioehemistry~ edited by Kasha, M., and Pullman, 
B.: Academie Press, 1962. 

! 

49. Frieden, E.: Nutr. Rev. 31: 41, 1973. 

50. Frieden, E., and Alles, J.: J. Biol. Chem. 230: 797,1958. 

51. Go1d, J. J.: Textbook of Gynecologie Endocrino10gy, Hoeber Medical 
Division; Chapter 6; Harper & Row Pub1ishers, 1968. , 

(1 
52. Green, D. E.: 'Ad'1an. Enzymo1. 1: 177, 1941. 

53. Greene, -J. W. Jr. , Duhring, J. L., and Smith, K. : Amer. J. Obst. & 

t.>Gyhec. 92: 1030, 

1 

54. Greene, J. W. Jr. I
, Fiei1ds, H. , and Touehstone, J. c. : Obst-Gynee. 

1 No.2, 1962. 

- 55. Greene, J. W • .1r., Smith, K., 'Kyle, G. C., Touehstone, J. C., and 
Duhring, J. L.: Amer. J. Cbst. & Gynee. 91: 684, 1965. 

1965. 

20: 

56. Greenhi11, J. P., and Friedman, E. A.: Biologie Principles and Modern, 
Praetice of ObstetricsJ Chapter 3, W. B. 
Saunders Co., 1974. . 

"-57. Gregoriadis, G., and Sourkes, T. L.: Cano J. Biochem. 45: 1841, 1967. 

58. Gub1er, C. ~.: J. Amer. Med. Ass. 161: 530, 1956. 

59. Hagberg, B., Axtrup, S., and Berfenstam, R.: Etud. Néo-natal 2: 81,1953. 

60. Ha1sted, J. A., Hack1ey, B., and Smith, J. C.: Laneet 2· 278,tt968. 
1 

61. Harper, H. A.: Review of Physio10giea1 Chemistry, 14 th èdition: 
pl45, Lange Med. Publ., 1973. 

\ 

.1_ 



o 

a cessas m S3Q i WiMIZE!:ap 23M' 

1 

62. Hart, E. B., Steenbock, H., Wadde11, J., and E1vehjem, C. A.: 
J. Biol. Chem. 77: 797, 1928. 

63. Heijkenskjold, F., and Hedenstedt, S.: Acta. Obst. et. Gynec. 
Scandinav. 41: 41, 1962. 

64. He1bÔck, H. J., and 
1 

1 

Sa1tman, P.: Biochim. Biophys. Acta. 135: 979, 1967. 

65. Henkin, R. I.: Newer Trace Elements In Nutrition; edited by Walter, M. 
& Cornatzer, W. E.: Chapter 12, 1971. 

66. Henkin, R. I., Marsha11,-J. R., a~d Meret, S.: Amer. J. Obst. Gynec. 
110: 131, 1971. 

67. Hill, J. M., a~ Mann, P. G.: Biochem. J. 85: 198, 1962. 
\ 

68. Hill, C. H., Starcher, B., and Matrone, F.: J. Nutr. 83: 107,1964. 

69. Holmberg, C. G., and Laurel1, C. B.: Acta. Chem. Scandinav. 2: 
". 

550, 1948. 

70. Ho1mberg, C. G.: Wi1son's Disease--Some Current Concepts; edited by 
Walshe, J. M., and Cumings, J. N.: p64, Oxford Press, 
1961. \ 

71. HOlmherg, C. G., and Laure11, C. B.: Acta. Chem. Scandinav. 5: 476,1951. 

72. Ho1mberg, C. G., and .Laurell, C. B.: Acta. Chem. Scandina~. 2: 250,1948. 
Jf' 

73. Holmberg, C. G., and Laurel1,~C: B.: Scand. J. C1in. Lab. Invest. 3: 
tt 103, 1951. ' 

74. Hopper, S. H., and Adams, H. S.: Pub1. H1th. Rep. Wash. 73: 910, 1958. 

,75. Jensen, W. N."and Kamin, H.: J. Lab. Clin. Med. 49: 200, 1957. 

/ 
76. Joqnson, N.: Froc. Soc., Exp. Biol. & Med. 1Q8: 518, 1961. 



, 
" 

(' 

1 
77. John, D. W., and Miller, L. L.: J. Biol. Chem. 224: 6134, 1969. 

78. ,Karpel, J. T. , and Peden, V. H. : J. Pediat. 80: 32, 1972. 

"'~ 
r and 

\ 

79. Kasper, C. B. , Deutsch, H. F. : J. Biol. Chem. ~: 2325, 1963. 

80. Krebs, H. A. : Klin. Wchnsehr. 7· . 584, 1928. 

81. Kubota, J., Lemon, E. R., and Allaway, W. H.: Soi1 Sei. Soc. Amer. 
Proc. 27: 679, 1963. 

82. Lahey, M. E., ,Gub1er, C. J., Cartwright, G. E., and Wintrobe, M. M.: 
J. Clin. Invest. 32~ 329" 195/6. 

83. Lahey, M. E.: Amer. J. Clin. Nutr. 5'· 516, 1957. 

84. Lahey, M. E., Gub1er, C. J., Cartwright, G. E., and Wintrobe, M. M.: 
,J. Clin. Invest. 32: 322, 1956. 

85. Laurell, C. B.: Metal-Binding Plasma Proteins and Cation Transport - The 
Plasma Proteins, editËrd by Putnam, F. W.: p349, Academie 
Press, 1960.' 

86. Leach,- R. M.: Fed. Proc • .iQ: 991, 1971. "'" 
\ 

87. Leach, B. E., Cohen, M.i Heath, R. G., and Marten' s, s. : Arch. 
Neuro1. Psychiat. ~ieago 76: 635, 1956. 

1 

88h Leverton, R. M., and Bink1ey, E. S.: J. Nutr. 27: 43, 1944. 

89. Lilly, E., and Co. :Ltd.: Clinica1 Handbook of Norm~l Values; 1:6 th 
revision, Clinic~l Clippings Inc., 1971. 

90. ,Linder, M. C., Moor, J. R., Scott, L. E., and 
J. 129: 455, 1972. 

Munro, H. N.: 
4It 

91. Linder, M. C., and Munro,\ll. N.: Enzyme 15: 111, 1973. 

Biochem. 

'" <"'rl 

" 



f 
~ 
~ 
t:. 

r ' 1 

.' { , 
~ 
1 
'1 

C 

, \. 

'- ' 
1 

~ 

, 

~ t 

) \ -J~ 

" 

\ ' 
1 

92. Lundwa11, ,F; " and Stakemann, G.; Actà:· Obstet. Gynec. Scanda 45: , , 1 
301, 1966. 

93. Lygren, T. , SOJ'ensen, E. W. , and Bernhardsen, A. : Lancet 1: 276, 1959. 
-~ 

94. -,Mac:rendantz; H. G. , and Ryan, K. 
1 . 

"\' Endocrinol. 24: 1155, 1964. -

95. Markowitz, H. , Cartwright, G. E. , and Wintrobe, M. M. : J. Biol. Chem. 
" .-

234: 40,/ 1959 • 

• 
96: Markowi tz, H., Gubler,' C. J ., MahoIl,ey, J. P., Cartwright, G. E., and 

Wintrobe, M. M.: J. Cli1f. Invest. 34: 1498, 1955. 

97. Mason, B.: Principles of Geochemistry; 2 nd edition, Wi1ey, 1958. 
R 

" 

98. Matrone, G.: Fed. Proc; 19: 659, 1960. 

, 
99. MCCord, J. M., and Fridovich, l.: J. Biol. Chem. 244: 6049, 1969. 

\ 

100. 

101. 

102. 

103. 

104. 

106. 

\107. 

McHargue, J. S.: Amer. J. Physiol. 72: 583, 1925. 
77: 245, 1926:' 

McLennan, C. E. and Sandberg, E. C.: Synopsis of ~s etrics; 
edition, The C. V. Mosby Co., 19 4. 

, 

Milne, D. ,B., and Weswig, P. H.: J. NUtr. 95: 429, 968. 
., 

Mische1, w. : Z. Geburtsh. Gynaek. 155: 197, 1960. 

Morell: A. G. , and Scheinberg, l. 
:11 

H. : Science 131: 930, 1960. 

9 th 

\ 

B. , Bahary, C.: Gynaeco~ogia 138: 40, 1969. ,-Neri, A., Eckerling" and 

Neumanft, P. Z. and Sass-Ko~tsâk, A.'\: Vox Sangui"nis ~: Ill, 196~. 
" ' 

Niel,sen, A. L.: Acta. Med. Scandinav'. \,!!!: -87, 1944. Il. 1 

, 
1 
1 

1 

~ 1 
, , 



1 

"108. O'Leary, J. A., and Spe11acy, W. N.: Science 162: 682, 1968. 

" 
109. O'Leary, J. A., Novalis, G. S., and Vosburgh, G. T.: cbst. & Gynec. 

28: 112, 1966. 

110. Osaki, S., Johnson, D., and Frieden, E.: J. Biol. Chem. 241 (12) : 
2746, 1966. 

111. 
-

08aki, S., and Johnso~, D.: J~ Biol, Chem. 244: 5757, 1969. 

) 
112. Partridge, S., E1sden, D. F., Thoma~, J., Dorfman, A., Te1se0., 

and Ho, P. L.: Biochem. J. 93: 300, 1964. 

113. Peel, J.: Amer. J. Obstet. Gynec. 83: 847, 1962. 

114. P10tz, E. J., and Davis, M. E.: Clin. Obst. & Gyn~c. 5· 346, 1962. 

1 

115. Porter, H.: Biochim. Biophys. Acta. 229: 143,1971. 

116. Porter, H., Sweeny, M., and F~~~r, E. M.: Arch. Biochim. Biophys. 
~ 104; 97, 1964. 

11.7\ Rasu1i, Z.: Akush. Ginek. 39: 63, 1963: 
\ 

118. Reinhold, J. G.: Clin. Chem. 21/~: 476, 1975. 

119. Roeser, H. P., Lee, G. R., Nacht, S., and Cartwright, G. E.: 
J. Clin. Invest. 49: 2408, 1970. 

120. Rubin, B. L" Dorfman, R. I., ~nd Mi1~er, M.:'J. Clin. Endocr. 6: 
347, 1966. , 

't> 
\121. Russ, E. M., and Raymunt, J.: .Proc. Soc. Exp. Biol. 92: 465, 1956. 

122. Sass-Kortsak, A.: Copper Metabo1ism: in Advances In C1~nica1 Chemistry~ 
edited by Sobatka, 1., and Stewart, C. P., Academie 1 

press, 1965. 

\ 

• 1 



\ 
\ 

, 

123. scaife, J. F.: Can. J. Biochem. Physio1. 37: 1033, 1959. 

124. Scheinberg, l. H., Cook, C. O., and Murphy, J. A.: J. Clin. lnvest. 
~: 963, 1954. 

1 

125. Sch~inberg, l. H., Aisen, P., and MoreIl, A. G.: Vo~san9Uinis~: 
69, 1959. 

126. Scheinberg, 1. :H., and MoreIl, A.' G.: J. Clin. lnvest. 36: 1193, 1957. 

, 
127 .. Scheinberg, l. H., and Stern1ieb, 1.: Gastroentero1ogy 37: 550,1959. 

128. SCheinberg, l. H., and stern1ieb, l.: Pharmaco1. Rev. 12: 355, 19qO. 

129. Schenker, J. G., Jungreis, E., and Po1ishuk, W. Z.: lnt. J. Fertil. 
17: 28, 1972. 

130. Schenker, J. G., Jungreis, E. , and po1ishuk, W. Z. : Biol. Neonate 20: 
189, 1972. 

\ 

131. Schenker, J. G. , Jungreis, E. , and Polishuk, W. Z. : Amer. J. Obst. 
,Gynec. 105: 6, 

132. Schjeide, O. A., and wi1ken's, M.: Nature 201: 42, 1964. 

133. 

134. 

135, 

136. 

137. 

" 

Schroeder, A. H., Nason, P. A., Tipton, l. H., and Ba1assa, J. J.:' 
J. Chrono Dis. 1~: 1007, 1966. 

• 
Shields, G. S., Markowitz, H., K1assen, W. H., Cartwright, G. E., 
and Wintrohe, M. M.: J. C1in.\ lnvest. 40: 2007, 1961. ) , -

1 
Shokeir, M. H. K.: J • .\.C1in. Genet. 2: 223, 1971. 

';' 
smith, H.: J. ForensiF sei. Soc. 7: 97, 1967. 

y~), 
Southren, A. L., Kobayashi, y., Brenner, P., and Weingold, A. B.: 

J. App1: Physio1. 20( 5): 1048, 1965. -, 

& 

1969. 

1 
'! 

j 
i 
,j 
~ 



o 

o 

138. Southren, A. L., Kobayashi, Y., weingo1d, A. B., and carmody, N. C.: 
Amer .. J. Obst. & Gynec. 96(4).: 502, 1966. 

1 
139. Starcher, B.', Hill, C. H., and Matrone, G.: J. Nutr. 82: 318, 1964. 

140. Starcher, B., and Hill, C. H.: Camp. Biochem. Physio1. 15: 429, 1965. 

141. Stern1ieb, r., MoreIL, A. G., Tueker, W. D., Greene, M. N., and 
Seheinbèrg, I. H.: J. Clin. Invest. 40: 1834, 1961. 

142. stockinger, H. E.: Indastrial Hygiene and Toxieo1ogy: edited by Patty, 
F. A.; 2 nd ed., Interscienee Pub1ishers, 1963. 

143. Tabor, E. C., and Warren, W. v.: A. M. A. Archs. Ind. Hlth. 17: 145, 1958. 

144. Taradaiko, Y. V.: Akush. Ginek. 39: 59,1963. 

145. Tauber, F. W., and Krause, A. C.: Amer. J. Opthalmo1. 26: 260, 1943. 

146. Taylor, E. S., Bruns, P. D., and Drose, V. E.: Clin. Obst. & Gynee. 
8: 550, 1965. 

147. Taylor, E. S., Bruns, P. D., Duncan, r. W., and Drose, V. E.: 
Amer. J. Obst. & IGynec. 81: 625, 1961. 

148. Ten Berge, B. S.: Cerebr. PaIsy Bull. 2: 323, 1961. 
-, 

-149. Thompsett, S. L. : Biochem. J. ~:- 961, 1940. 

~ 

--------
150. Tipton, 1. H:-,-and Cook, M. J. : Health Phys. 9: 103, 1963. 

1 

151. Underwood, E. J.: Trace Elements In Human and AQimal Nutrition, 3 rd ed., 
Academie press, 1971. 

.152. Vallee, B. L., and Adelsteln, S. J.: New Engl. J. Med. 265: 892, 1961. 

153. Van Campen, D. R.: J. Nutr. 88: 125, 1966. 
't 



, 
\ \ 

154. "'\ Van Camp~n, D. R.,land Gross, E.: J. Nutr. 95: 617, 1968. 

155. Van Ravestyn, A. H.: Acta. Med. Scandinav. 118: ~63, 1944. 

156. Venchikov, A. J.: Vop. Pitan •. ~: 3, 1960. 

II ' 

157. Wajcicka, J., and Zapa10wski, Z.: Ginek. Pol., 34: 693, 1963. -., 

158. Weismann, N., Shields, G. S., and Carnes, W. H.: J. Biol. Chem. 
238: 3115, 1963. 

159. Widdowson, E. M., McCance, R. A., and Spray, C. M.: Clin. Sei. 10: 
113, 1951. 

160. Wintrobe, M. M., Cartwright,\G. E., and Gub1er, C. J.: J. Nutr'. 50: 
395, 1953-.-

'" 161. Y1osta10, P., and Reinila, M.: Annales Chirurgiae et Gynaec010giae 
Fenniat;! 62: 117, 1973. -

\ 


