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Preface

The work that has been described in this thesis has
been done during the period 1934 until the present time. All
of the estimations have been done by the writer himself. The
animals were under the sole charge of the writer who possesses
an Animal License, Certificates A and B. Much of the work
has been published in the form of papers, a list of which
follows. Reprints of those which are available are enclosed
under geparate cover,

1. 'Thiolacetic acid as a reagent for the determination of the
inorganic iron content of certain biological materials!
Biochemical Journal (1934) 28, 1536 - 1543

2. "The copper content of blood!

Biochemical Journal (1934) 28, 1544 ~ 1549

3. 'Studies of the complexes of-iron with various biological
materﬁals'

Biocliemical Journsl (1934) 28, 1802 - 1804

4., 'The excretion of copper in urine and faeces and its relati
to the copper content of the diet!
Biochemical Journal (1934) 28, 203838 -~ 2091

5. 'The copper and 'inorganic! iron contents of human tissues'
Biochemical Journal (1935) 29, 480 - 486

6. 'The copper content of the blood in pregnancy!

British Journal of Experimental Pathology (1935) 16, 67
(with D. F. Anderson)

7e 'The lead content of human tissues and excretal
Biochemical Journal (1935) 29, 1851 ~ 1864
(with A. B, Anderson)



" 8. 'The distribution of lead in human bones!

Biochemical Journal (1936) 30, 345 - 346
9. 'Lead poisoning'

Lancet (1939) 1, 559

(with A. B. Anderson)

10. 'The determination of lead in biological materials!

Biochemical Journal . (1939) 33, 1231 - 1236

11l. 'The influence of certain constituents of the diet upon

the absorption of lead from the alimentary tract!

Biochemical Journal (1939) 33, 1237 - 1240

12. 'Studies in lead mobilisation!

British Journal of Experimental Pathology

(1939) 20,
408 - 416

(with J. N, M. Chalmers)

13« 'Further studies on the absorption, mobilisation and
exeretion of leadf

British Journal of Experimental Pathology

(1939) 20,
512 - 516

14. 'A study of factors influencing the absorption of iron
and copper from the alimentary tract!

Biochemical Journal (1940) in preparation
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Introduction

Lead is one of the commonest elements in the earth!:
crust. Lead and its salts are of biological importance
because of their toxicity.

Lead salts precipitate proteins and act as local
sgtringents, Acute toxicity is generally low but cumulativ:
effects tend to be produced. Acute lead poisoning is rare
and is usually produced by the acetate, Chronic lead
poisoning is commoner and possesses characteristic
symptons, These are ag follows:

1, lead line at the margin of the gums,

2. anaemia,

3., paroxysmal colic and constipation,

4, 'drop' wrist and other peripheral motor paralyses,
5. tremors and convulsions,

6., psychic changes (encephalopathia etc.)

There are three possible modes of entrance of lead
into the body; 1. alimentary tract, 2. respiratory tract,
3. skin, Absorption of lead from the alimentary tract
has been recognised from time immemorial, Absorption of
lead from the respiratory tract would result from the
inhelsetion of dust and vapour containing lead or its
compounds., This mode of absorption has been held in dispute
but Aub et alia (1926) have shown that this does occur.

It is debatable whether or notv lead or its compounds sre
absorbed through the intact skin; but it is agreed that

&hsorptibn can occur through the broken skin. Agreement
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also exists that lead tetra-ethyl, a constituent of
'anti-knock! petrols, can be absorbed through the intact skir
but this is due to its fat soluble properties.

The toxic effects of lead have been recognised
from time immemorial, Hippocrates, about 370 B, C.,
recognised lead as bheing responsible for attacks of colic
in a man who was described as an extractor of metals.
Nicardo, who lived in the 2nd century B. C., noted the
relationship between lead and cbnstipation, abdominal pain
and pallor and mentioned lead palsy for the first time,
Discoides is quoted by Alderson (1852) as saying that 'the
drinking of litharge causes oppression to the stomach, belly
and intestines, with intense wringing peins, . sometimes it‘
even wounds the integtines by its pressure, it suppresses
the urine, while the body swells and acquires an unsightedly
blue huet, He also mentioned paralysis and delirium as
‘being produced by lead.  About 1000 A. D., Avicenna
recommended the use of violent purgatives to relieve a form
of colic which was probably due to lead. Creato, who lived
about 1600 A, D., attributed the colic which was prevalent
in Moravia at that time and was known to end in parslysis
to the use. of 'falsified wine!'. A similer conclusion was
reached by Citois, a physician of Poitiers, regarding the
colic which was prevalent in his district. It appears to
have been the practice on the Continent at this period to
treat sour wine with litharge or red lead in order to remove

the acidity and so make it palateble. In 1656 Stockhusen
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published a treatise in which he recognised that lead
poisoning could result from the inhalation of dust containing
lead. In 1745 Hexham described a condition appearing in
Devonshire which had symptons similar to those of lead colic,
Later this was shown by Sir John Baker (1767) to be lead col:
and was due to the lead utensils used in the preparation

and the storage of cider. A gimilar type of colic of simile
aetiology was described by Luzuricagse in Spain in 1796. AL
the beginning of the 19th century several brilliant clinical
descriptions of lead poisoning appeared, Grisolle (1836, 1¢
deacribed lead colic, line and encepholopathy very
accurately. Three years later, Tanquerel des Planches
published his epoch making book in which hé described the
clinical aspects of the disesse, He laid particular emphasi
on the lead line, this becoming known as the Burtonien line,
because of the description published by Burton in 1840. Sinc
the time of Tanquerel, little appears to have been added to 1
clinicel knowledge of the disease except perhaps by
Déjérine-Klumpfe (1889) who wrote an excellent treatise on
lead palsies, Experimental studies on lead poisoning appeax
to have been started by Qrfilse in 1814.

An important clinical sign in lead poisoning is the
lead line, Typically it occurs in the gingive near the
border of the teeth, usually'near decaying teeth, either in
the gum or in the mucosa of the lip or cheek opposite these.
Rapid caries seems to develop whenever a lead line appears

near teeth apparently good., The true lead line is situated



within the tissues and is peculiar to lead poisoning except
possibly in bismuth poisoning. Microscopical examination
shows that the line is composed of irregular amorphous granul
which are entirely sub-epithelial, It is presumed that'it i
produced by the interaction'of dissolved lead and hydrogen
sulphide to form insocluble lead sulphide. In experimental
work on enimals, Aub et alia (1926) found that lead line coul
be produced in carnivorous animals e.g. cat, but not in
herbivorous animals es,g. rabbit, They believed that the
lead line is produced from hydrogen sulphide derived from
the putrefection of food debris left in the mouth. In suppo
of this theory it has been shown that the incidence of lead
line is related to dental hygeine, Of cases of suspected
lead poisoning admitted to the Glasgow Royal Infirmery within
recent years, often no lead line could be found even when
the diagnosis was confirmed. This appears 10 be due to the
fact ﬁhat on examination, the patients Were‘found to be
edentulous. The extraction of remaining teeth appears to
be often advised as part of the treatment of early symptouns,

Extensive clinical and pathological studies have
been made of lead palsy, colic and encephalopathy, and of the
relationship of lead to constipation. These have been
reviewed by Aub et alia (1926) in their monograph. Lead.
colic is generally believed to be produced by the action of
lead on the smooth muscle of the intestine,

Encephalopathy, the most severe of the toxic episodes

of lead poisoning is now fortunately rare owing to more
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stringent public health méasures. The pathology of these
conditions, in spite of the extensive work done, is still
in a debatable stale.

Chronie lead poisoning is always accompanied by
an ansemia. A marked feature of the blood picture is the
large number of stippled cells present. Although stippled
cells are not specific to lead poisoning but appear in
other conditions, they are most constent in lead poisoning.
Blood examinations for haemoglobin content and for the
presence of stippled cells form part of the usual
routine clinical examination of lead workers, In the view
of a large number of clinicians, these examinations give
the most exact picture of the patients' condition, An
enormous smount of work has been done on the effect of
lead upon blood and its formetion. This has been reviewed
by Aub et alia (1926).

It has been shown that lead has a marked effect on
the germ cell, Lead poisoning in the mother and even in the
father has beeﬁ shown to result often in still=births.

The mortality rate of the offspring of such parents is
-also high, particularly during the first three years of
life [Paul (1860), Porek (1894), Lewin (1904), Oui (1907),
Legge and Goadby (1912) } . Numerous cases have bheen
reported of the use of lead, chiefly as lead diachylon,

" t0 produce abortion { Ransom (1900}, Scott (1902), Hell
(1905), Hall and Ransom (1906) } . The reaction appears

to be due to the effect of lead on the smooth muscle of
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the uterus in the same way a8 it acts on the smooth muscle
of the intestine during colic,

In severe lead poisoning the liver is often affecte
The effects of lead on the liver have occupied much of the
attention of German end Italian workers within recent years
.[ Vigliani (1933), Legeder (1934), Vigliani and Angeleri
(1935, 1936), Fellinger (1936), Carrie (1936), Viglieni
(1936), Mertens (1937), Vigliani and WaldenstrOm (1937),
Viglieni end Libowitzky (1937) ] .

Exposure to unusual amounts of lead has resulted
from,

1. the contamination of foodstuffs and drinking water
with lead,
2. the extensive use of lead and its compounds in industr

Contamination of foodstuffs with lead must have bee
extremely common at one time., With more stringent
public health measures this has now been much reduced,
but cases do still occur, In modern times contamination
of foodstuffs with lead occurs usually during processing.,
The most notable exception has been in the case of fruit.
It has hecome prevalent, especially in the U, S. A., for
leéad arsenate to be used as an insectide, resulting in
fruit and vegetables becoming contaminated. A large
amount of work has been done in the U. S. A,, on the
toxicity of lead arsenate [ Talbort and Taylor (1933),
Greene (1936, 1937), Shields, Mitchell and Ruth (1939) ] .

Contasmination is often due to the use of utensils made of
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lead, containing lead solder or glazed with lead compounds.
This is particularly true when the material has an acid
‘reaction €eZe fruit juices and fermented liquids. Numerous
cases of lead poisoning due to this have been reported;
wines [-Campbell (1886), Alden (1889), Arnaud (1936),

Yang (1936), Yang, Chang and Liu (1937) ] s beer [ Sutton
(1958):1 s fruit juices [Puy (1935) ] o Tinned s;rdines hav
recently been found to be heavily contaminsted with lead,
due to preparation over a lead containing grill Lampitt
and Rooke (1935)] . An unusual case, resulting in an
epidemic of lead poisoning, has been reported from Austria
[ Berger, Studeney and Rosigger (1932) ] . Lead was used
to counterbalance a grinding wheel in a flour mill with the
result that the flour was impregnated with fine particles

of metallic lead.

Drinking water, contaminated with lead, has been
held responsible for outbreaks of lead poisoning on many
occasions, Natural waters are usually almost completely
free of lead. The contaminations have always been caused
by the use of lead pipes. Lead pipes for the transport of
water are still used extensively in some localities. The
plumbosolvency of natural waters is extremely varisble.
Soft walters, especially those containing much dissolved
oxygen and cerbon dioxide are particularly blumbosolvent.
Hard waters are considered to have a low plumbosolvency
and it is considered safe to transport such waters through
lead pipes as they become coated with a layer of insoluble

calcium salts and are thus protected from corrosion,
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Waters_from.peaty greas, containing large amounts of organic
: acidsvgré very plumbosolvent. In this country no legsal
limiﬁ éxists as bto the maximum amount of lead permitted in
drinking water, Various suthorities have on occasions
expressed their opinion. Within recent years outbreaks
of lead poisoning due to contaminated water supplies have
cccurred in Scotland {:Univ. of Aberdeen Report (1953)-},
France [ Thouvenet (l931)j]and Germany [Kruse and Fischer
(1931)] . The subject of lead in drinking water has been
studied by the Water Pollution Research Board i‘(lQSQ},
Ingleson (1938) ]. )

Poisoning produced by the consumption of foodstuffs
and drinking water contaminated with lead is due entirely
to alimentary absorption.

A large amount of lead poisoning exists in industry
With the rise of industry and the more widespread use of
lead, this has assumed great importance, In industry
absorption can také ﬁlace from the respiratory tract as well
as from the alimentary tract. Many authorities consider
that the former is the more importent entrance,

The number of industrial processes using lead or
its derivatives is legion. The following represents a
ghort summary:
1L, lead mining
2. lead smelting
3. handling and.fahrication of lead

a. manufacture of lead articles

b. handling metallic lead in hot processes e.g.
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lead burning, soldering, tempering and plumbing
C, brass and other founding in which lead is used
d. buffing and polishing metallic surfaces
4, menufacture of lead salts and compounds, lead pigments
and organic lead compounds
5. manufacturing processes in which lead compounds are used
storage battery, peint, glass, rubber and chemical
industries
6., application and removal of lead containing paints,
| enamels and glazes
painting, spray painting, vitreous enamelling, pottery
dipping -
sandpapering, scraping and chipping pasinted surfaces
flame cutting of painted metal
7. tree spraying of lead containing insectides
8. typographic trades
type founding, electro-typing, stereotyping
In lead miniﬂg, the incidence of poisoning appears
to be much higher in the new countries e.g. U. S. A., than
in the older countries e, g. those in Hurope. This is due
apparently to differences in the type of ore mined, In the
older countries the mines are deep and the ore consists
chiefly of sulphide which is poorly soluble, In the newer
mineg, which are shallow, the ore consists chiefly of
“oxidised forms of lead e.g. carbonate, sulphate and oxides,
which are much more soluble, It is to be expected that

as these mines become deeper, the yield of sulphide will

/5.



inerease, with a consequent decrease in the incidence of
lead poisoning.

The menufacture and handiing of lead tetra-ethyl is
particularly dangerous owing to the ease with which it is
absorbed through the skin,

At times unusual cases of lead poisoning are repor
One of the strangest cases was the ocourrence in a large
number of families in Baltimore and Nashville, Tenessee,
produced by the use of discarded storage battery cases as
fuel. Several cases of encephalopathy were reported
[ Williams et alia (1933), Crutcher (1933) ] . Casesg of
lead poisoning have been reported from the use of lead opiu
'pipes [:Yang, Chang and Liu (1937) ], theatrical grease
paint containing lead pigments [ Bar%leman and Dukesg (19386)
and from shrapnel and.bullets léft in wounds {:Londres (193¢
Leschke (1934), Haenisch (1936)]’, The use of cosmetics
containing lead compounds has resulted in a large anumber of
cases of lead poisoning amongst women and suckling children
in Japan%{:Kate (1932)] . Many children have been shown
to have suffered from lead poisoning in Queensland, Austral:
[ZNye (1933}] . It was concluded that the source of
lead was from the paint used on the verandas and railings
where the chil&réh played. TUnder the action of the tropic:
sun, this paint powdered readily and as a result was in
a form resadily assimilated by the children. The
Queensland Government have prohibited the use of lead paint:

contvaining more than 5% soluble lead,
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Lead poisoning, due to eating and sucking toys etc.
containing lead, have been reported in children [ Aub et sl
(1926), Taylor and Schram (1936)] .

Extensive lead poisoning has been reported amongst
wild ducks in certain well hunted districts in the U. S. A.
{ Torrey, Thorpe and Grasham (1954):1. This was caused by
the birds swallowing lead shot which was retained in the
bulbo-ventriculus, Dowdell and Green (1937) have recommend
the use of shot made of lead magnesium alloy as this
disintegrates rapidly on contact with water,

The incidence of lead poisoning as a result of
ingestion of contaminated foodstuffs and drinking water is 1
The occurrence of lead contamination in sardines in this
country was met effectively by a meeting of Port Medical
Officers of ﬁealth at the Ministry of Health where it was
decided to condemn any consigmment which contained more than
20 parts of lead per million, At a later meeting it was
decided to reduce the limit to 6 parts per million,

Limits of lead content are not spplied to foodstuff
in genefal in this country, but only in particular cases
when evidence of gross contaminetion has been brought to the
notice of the Ministry of Health as in the case cited above.,

The incidenoe of lead poisoning in industry has
decreased very much, The measures adopted to prevent lead
poisoning in industry are chiefly concerned with personal
hygeine and the prevention of fumes and dust heing inhaled.

A great deal of work in this field has been done by

1.



Sir Thomas Oliver (1913 - 1921) and Legge and Goadby (1912)
in Britain, Meilliére (1902, 1903) in Frence, Teleky

(1909 - 1921) in Germeny and Hamilton (1911 - 1921) in the
U. S. A.

Lanza (1935) in a recent review considers that in
gspite of the preventative measures taken, a considerable
amount of mild lead poisoning exists, much of which escapes
diagnosis. This view warrants & much more extensive
investigation into the biochemistry of lead than hitherto
has taken place in an attempt to discover more delicate

methods of diagnosis,
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The Estimation of Lead in Animal Tissues and Excrets

The major problem which had to be solved before
any investigations could be contemplated, was to devise
a8 method for the estimation of the small amounts of lead
that occur in animal tissues and excreta. The reguirements
of such a method were accuracy, speed and sensitivity
in order that large quantities of material were not
necessary as the estimation of the lead content of the
blood of living persons was contemplated,

Biclogicsl materials of the nature of tissues and
excreta consist of o heterogeneous mixture of organic
compounds and mineral salts of which lead, if present,
forms & very small part. As a result, any method resolves
itself into three essential stages; L. destruction of the
organic matter, 2. separation of the lead, 3. estimation
of the lead.  Almost all methods that have been devised,
consist of these three stages. Up to 1934, almost all
methods have employed reactions which are used in
macro analytical chemistry and as a result the data obtained
havé been very unsatisfactory,

To destroy orgenic matter, two methods have been
employed; 1. ignition, 2. digestion with sulphuric acid
and some oxidant e.g. nitric acid,

To separate lead, the following reactions, singly
or in combination have beeﬁ useds;

1. precipitation as the sulphide,
2. precipitation as the sulphate,

19




3, precipitation as the chromate,
4, deposition in the metallic form or as the peroxide by
electrolysis,

As a general rule, the first reaction has been used as a
preliminary to the others, The objection to preéipitation
methods for separating small amounts of a substance is
obvious., In the first plaée, the precipitate is usually -
colloidal in nature and difficult to filter, In the second
place, - -all 'insoluble! substences have definite solubilities
which although small become appreciable when small
gquantities are inveolved, Electrolytic methods usually fail
in thelpresence of large amounts of iron [.Francis et alia
(_1929)] .

A large number of methods have been devised *to
estimate lead after separation. These are as follows;
1. nephelometrically as the sulphide,
2. nephelometrically as the sulphite‘ [;Cooksey and Welton

(1929) ],

3, colorimetrically by the blue.colour produced when
lead peroxide and tetramethyldiaminophenylmethane intveract,
4, colorimetrically by the colour produced when lead chrometls
and semicarbazide interact {?@irh&ll (1984)il,
5. by titrating the iodine liberated when potassium iodide
is added to lead chromate in the presence of sulphufio acid
{Fairhall (1924) ]
ﬁhne of the sbove reactions are specific for lead.  Reactior

3 to 5 are t0 be condemned because ﬁhey are not concerned

20.



with lead but with the ion to which it is attached.

The sulphide test is probably the oldest of the above

but it lacks sensitivity. A real objection may be laid
against the tetremethyldiaminodiphenylmethane test as it
involves the electrolytic deposition of lead as the peroxide
and mangenese, & constant constituent of tissues and
excreta, tends to be deposited as the dioxide at the same
time and this reacts with the reagent,

Fairhall (1924) described a method in which the
lead was precipitated as sulphide and then as chromate,
The lead chromate was then determined either 1.
colorimetrically with semicarbazide or 2, by titration
with sodium thiosulphate after the addition of potassium
iodide and sulphuric acid. This method was used by Aub
et alia (1926) in their investigations. Kehoe et alia
(1926, 1933) used a modification of this method. Later
they (1935) acknowledged a loss of 0.07 mg. Pb per sample
by this method. In an exemination of the lead content of
urine, Cooksey and Walton (1929) made a preliminary
separation of the lead by electrolysis and estimated it
nephelometrically as sulphite, Francis, Harvey and Buchan
(1929) described a process involving the precipitation
of lead as sulphide, followed by eiectrolysis and.
precipitation as sulphate. The lead was estimated
nephelometrically as the sulphide. Weyrauch and Muller
(1933) and Litzner and Weyrauch (1932, 1933) investigating

the distribution of lead in man, separated the lead as
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sulphide and then as the peroxide by electrolysis. ~ They

estimated the lead colorimetrically with

tetramethyldiaminodiphenylmethane, An esgstimetion by

any of these methods would take sbout 3 days +o cemplefe.
The spectrograph has been used to identify and

estimate lead in biological materials, The results obtaine:

have been vefy conflicting.

The Author's Method

The method consists of 3 stages; 1. destruction
of the organic matter, 2. separation of the lead, 3.
estimation of the lead, It will be considered under these
headings in order for convenience, although this was not
the order of development.

Desgstruction of organic matter

Two methods are available; 1, digestion with
sulphuric acid and an oxidant e.g. nitric acid, perchloric
acid, 2. ignition,

The objection to the first is that often large
quantities of sulphuric acid and oxidant are required and
consequently & large quantity of alkali is necessary for
neutralisation, This leads to & high blank even when the
purest reagents are used.

Destruction by igniticn? which avoids this high
blank, has been criticised on the grounds that lead may
be lost by volatilisation, The writer has found that mater:
containing & large amount of ash, consisting chiefly of

phosphate, may be ignited in a silica dish over a bunsen
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burner without loss of lead. When materials of low ash
content are treated similarly, a loss of lead may occur. TFor
this reason, the ash content of such materials has been
increased by the addition of sodium phosphate (NagHPO4).
Biological materials have therefore been divided into two
classes;

1. high ash content - ignited without the addition of

gsodiuwm phosphate e.g. urine, faeces, milk and bone,

2. low ash content ~ sodium phosphate added prior to

ignition e,g. blood and soft tissues,

This ignition method has been found to be quite
satisfactory under the above conditions, Towards the end,
ignition may be assisted by allowing the ash %o cool,
adding a little concentrated nitric acid and re-heating.

Separation of the lead

Separation of lead by precipitation or by electrolysi
was not considered for reasons stated already. A method
suggested by Allport and Skrimshire (1932) for separating
lead from solutions of the ash of dyestuffs appeared at
first to have possibilities.w An alkaline solution of the
ash was sheken with a chloroform golution of
diphenylthiocarbazone (dithizone). Lead was extracted by
the chloroform as a lead-dithizone complex, Iron was
not extracted and other metals were not extracted if
cyanide was present, The writers recognised certain
difficulties, The aqueouws solutions must be perfectly
clear, the slightest turbidity due to iron or phosphates

interfering with the separation. As the extractions must
23




be made in alkaline solution, this is difficult, for even
when citrates have been added, a solution may be perfectly
clear and yet iron or phosphates may be precipitated in
colloidal form and so prevent complete extraction of lead.
The pH of the solution needs careful adjustment, which is
difficult when some classes of materisl are used. If the
organic matter has been destroyed by wet oxidation, the
nature of the oxidant used has a marked influence, Allport
and Skrimshire (1932) found that if nitrie acid had been
used, extraction of the lead was generally incomplete,

The writer has found the method to give erratic resulis

and so was abandoned. Lynch, Sleter and QOsler (1934) used
this method of separation in an examination of the ldad
content of some human tissues, The lead was estimated by
the sulphide reaction.

In a search for a more satisfactory method, the
writer found that sodium diethyldithiocarbamate offered
,possibilities., This substance was described by Callan and
Henderson (1929) as being suitable for the estimation of
small amounts of copper and since then it has been used
extensively for this purpose. As a preliminar&, the writer
carried out an investigation of the general properties of
this substance.

Sodium.diethyldithioéarbamate, a white substance, is
essily soluble in water. It reacts with metals to foﬁm
organic complexes, many of which are soluble in organic

solvenis e.g. ether, The nature of these complexes was not
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studied; 0f the metals that occur in biological materials
and react thus are iron, copper, lead, zinc, manganese and
cobalt, These complexes have low solubilities in water
but are easily soluble in ether.

The lead complex is white and dissolves in ether
o form e colourless solution. With the exception of
zinec, the complexes of the other metals are coloured and
form coloured solutions in‘ether. The lead complex
is formed in scid and elkaline solution aend in alksaline
gsolution its formation is not inhibited by the presence
of citrate, pyrophosphate or cyanide. The complexes of
the other metals are also formed in both acid and
alkaline solution but in alkaline solution they are not
formed if cyanide is present. In alkeline solution.the
iron complex is not formed if citrate or pyrophosphate
is present,

The effects of other organic solvents was not
investigated as ether was found to be quite satisfactory
as an extractant.

Before lead can be estimated by the process to be
described in the next stage, it is necessary to obtain
it free from iron and copper. This may be done by the use
of sodium diethyldithiocarbamate, The separation may be
carried out by adding to a solution of the salts of the
metals, sodium citrate, ammonia to make alksaline and
cyanide. On the addition of sodium diethyldithiocarbamate,

the lead complex alone is formed, and may be extracted with
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ether. The presence of citrate is essential as it
prevents the precipitation of phosphates and metallic
hydroxides in alkeline solution,

This technique has been found to be quite
satisfactory for urine, soft tissues and blood. In the
case of milk, faeces and bone, certain modifications
have been found to be advantageous. The ash of this class
of material contains a counsiderable amount of calcium
phosphate, which in spite of the presence of citrate,
-tends to precipitate when the solution is made alksaline,
This is liable to prevent a gquantitative separation of
lead, For this reason, a twofold extraction has been emploj

Soldium diethyldithiocarbamate iskadded to an acid
golution of the ash, All the metallic compiexes are
formed end all are extracted by ether, The extracted metals
are converted into the inorganic state and the process
of extraction repeated but in alkaline solution in the
presence of citrate and cyanide. Under these conditions
the lead complex alone is formed and this alone is
extracted with ether,

Estimation of lead

Pisther and Leopoldi (1934) described a very
gensitive colorimetric method for the estimabtion of lead.
An alkaline solution of the lead salt was shaken with a
carbon tetrachloride solution of dithizone. The lead
formed & complex with dithizone which was extracted

by the carbon tetrachloride to produce a pink coloured
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solution, It was decided that this reaction merited
investigation.

Dithizone, an organic substance, dissolves in
carbon tetrachloride and chloroform to produce green
coloured solutions. It is soluble in water only if alkaelin
in reaction, the solution being coloured brown, When an
glkaline solution of a lead salt 1s shaken with oarboﬁ
tetrachloride and dithizone, pink lead.-dithizone is
formed which is extracted by the carbon tetrachloride,

If excess dithizone has been used, the colour of the lead
complex will be masked by the green colour of unchanged
dithizone. A pure extrect of the lead complex may be
obtained by separating the carbon tetrachloride end
extracting it repeatedly with dilute potassium cyanide
solution, Unchenged dithizone hbut not the lesd~dithizone
is removed by this process,

The reaction was studied quantitatively. . It is
necessary to have the lead present in a suitable medium.
4s a result of separation, the lead will be present as
an organic complex, To conver£ this into an inorganic
form, digestion with sulphuric acid and an oxidant is
most suitsable, This leaves a residue containing lead
sulphate which is insoluble in water, To ensure solution,
water, acetic acid and sufficient asmmonia was sdded to
make the final reaction alkaline, In such a solution, lead
sulphate is easily soluble and by using a suitable amount

of émmonia, the correct reaction at which lead and
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dithizone react may be obtained. A series of lead solution
concentrations renging from 0.005 to 0.8 mg. Pb, were
prepared in & medium of the above composition. Using 10 ml
carbon tetrachloride, the lead complex was prepared, These
were compared one against another in a colorimeter and it
was found that the depth of colour was proportional to the
concentration of lead.

Fischer and Leopoldi, prior to colorimetric
comparison, treated carbon tetrachloride extracts of the
lead complex with mineral acid, the colour changing from
pink to green, The writer has found that no adventsges are
derived from this, The writer has found that for colorimet
comparison, the best depth of colour is that containing
about 0,01 - 0.02 mg. Pb,

BExcegs dithizone must he used tao produce s
guantitative result but too great an excess must be
avoided as under such conditions the formation of the
lead complex is inhibited.

Dithizone is very susceptible to oxidation to
produce a substance which dissolves in carbon tetrachloride
to produce a yellow coloured solution, and cannot be
removed by cyanide extraction, This substance is produced
from dithizone in the presence of iron and copper salts
and by bright sunlight, The absence of iron and copper
salts is effected by the separation described above.

In dealing with bioiogical materials, the effect of copper

is practicaelly negligable owing to the low concentrations
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prééént. Bright sunlight, but not diffuse light such as
present in a laboratory, produces this oxidation product
rapidly. The writer believes that it is the ultra-violet
component of bright sunlight which is responsible for
this reaction. In diffuse light, a carbon tetrachloride
golution of the lead complex will remain unchanged for a
very long‘period.

The specificity of the reaction was then
investigated. A large number of metals were examined and
none of these interfered with the estimation of lead with
dithizone under the conditions stated above. The only
apparent exception was bismuth. Bismuth, even in the
présenca of cyanide, was found to produce a complex with
dithizone which was extracted by carbon tetrachloride to
form an orange coloured solution, The bismuth complex is
unstable, for when a carbon tetrachloride solution is
extracted repeatedly with dilute cyanide solution it is
removed, More extractions with cyanide are usually
}equired to remove bismuth-dithizone complex than free
dithizone., Although bismuth does not occur naturally
in human tissues and excreta, it is liable to be present és
bismuth is used in therapeutics., The amounts of bismuth
that would occur in tissues and urine under such conditions
would not interfere with the estimation of lead., If present,
bismuth will be separated along with lead as its complex
with sodium diethyldithiocarbamate has the same properties,

Its presence will be detected at the commencement of the
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colorimetric estimation of lead. In actual experiment it

was found that 0.0l mg. Pb could be accurately estimated in

the presence of O.1l. mg. bismuth. As a result of medication

with !'stomach powders' containing bismuth salts, faeces

can at times contain considerable amounts of bismuth. Under

such conditions, an estimation of lead is impracticable

and it is advisable to stop the medication and to collect

the specimen when the alimentary tract is free of bismuth.
During the course of this work, bismuth was found

in three samples of faeces, nohe in any other types of

material,

Apparatus and reagents

All glassware was Pyrex, ignitions were carried out
in silica dishes and glass distilled water was used.
filter papers were washed with dilute acid and then with
distilled water,

All chemicals, even the purest, contain traces of
lead and these if used in any quantity produce quite a
large blank. It is possible to reduce this by further
purification but it was wished to avoid this as it was
hoped to produce a method which would be suitable for
routine purposes, For this reason, the amounts of reagents
have been kept as low as possible except in a few cases.
Fairly large gquantities of sodium phosphate and citrate
are required but simple methods of purification have been
devised, Commercial dithizone contains a yellow oxidation

product whieh dissolves in carbon tetrachloride to form a
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yellow solution and it cannot be removed by cyanide
extraction. Purificationvis thus essential. It has not
been found pfacticable to keep purified solutions, hence it
is purified Jjust before use.

Concentrated hydrochloric acid - analar reagent

concentrated sulphuric acid - analar reagent.

Concentrated nitric acid - anala¥r reagent
Glacial acetic acid - analar reagent

Perchloric acid (20%) - analar reagent

]

Ammonia (sp. gr. 0.88) - analar reagent

-

Potassium cyanide (10%) - PbT (B. D. H.)

0o ~ o O, o B o M

Potasgium cysnide (1%) -

Reagent 7 diluted 1 in 10

9, Bther - analar reagent

10. Sodium diethyldithiocarbamate - 2% in water

11. Carbon tetrachloride ~ analar reagent

12. sodium citrate - 20% (Lead free)
To 1 litre of é 20% solution of sodium citrate are added
100 ml. of 0.1% dithizone in chloroform and the mixture
shaken well. As required, a portion is separated and
filtered to remove suspended particles of chloroform,

13, Sodium phosphate (NaZHPO4.12H20) - 10% (lead free)

This solution is added to soft tissues and blood prior

to ignition,

As required, the necessary volume of a stock solution

is placed in a separating funnel, ether and sodium

diethyldithiocarbamate added and the mixture shaken,
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After allowing to settle, the lead free aqueous layer
ig Tun off.

14. Stendard solution of lead acetate _
0.1831 g. of lead acetate Pb(CgoHz0g)45.3H,0, is
dissolved in distilled water containing & ml. of
glacial acetic acid. The volume is made up to 1 litre
with water. 1 ml. of this solution is equivalent to 0,1
mge Pbs, This solution is diluted as required so that
'1 ml, is eéuivalent to 0.0l mg. Pb.

15. Dithizone reagent
A stock solution of 0.1% commercial dithizone in
carbon tetrachloride islkept. When required, en aliquot
is shaken with an equal volume of 0.5% ammonis, Aflter
allowing to settle, the aqueous layer‘containing pure

dithizone is separated and used.

In the following, details of the method as applied
to various types of materials are described. The final
colorimetric estimation is the same in each case.

Urine

500 ml. of urine are evaporated to dryness in a
silica dish and then ashed by ignition.

The ash ig dissolved in 100 ml. of water containing
5 ml. of concentrated hydrochloric acid. The solution is
transferred to a separating funnel, 50 ml. of 20% sodium
citrate added and the mixture made alkaline by the

addition of ammonia, sp. gr. 0.88. 5 ml. of 10% potassium
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cyanide are added. & ml. of 2% sodium
diethyldithiocarbamate are addéd end the mixture extracted
three times with ether, 25 ml. being used on each occasion.
The ether extracts which are washed separately, are
transferred to a hard glass round bottomed flask.

The ether is evaporated off and the residue
digested with 1 ml. concentrated sulphuric acid and 1 ml.
perchloric acid to destroy organic matter,

The residue is diluted with water, 1 ml. glacial
acetic acid and 5 ml. ammonia, sp. gr. 0.88, added and
the mixture diluted to 25 ml. with water.

Soft Tissues

To 100 ml. of lead free 10% sodium phosphate in a
silica dish are added 100 g. fresh'tissue. After drying,
the mixture is aghed by ignition.

The ash is dissolved in 100 ml. of water containing
10 ml. of concentrated hydrochloric acid. The procedure
is then as for urine.

Blood

To 100 ml. of lead free 10% sodium phosphate in
a gilica dish are added 20 ml. blood. After drying the
mixture is ashed by ignition.

The ash is dissolved in about 50 ml. of water
containing 5 ml. of concentrated hydrochloric acide. The
solution is transferred to a separating funnel, 5 ml. of
20% sodium citrate added and the mixture made alkaline by

the addition of ammonia, sp. gr. 0.88. 5 ml. of 10% potassiunm
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cyanide are added. 2 ml., of 2% sodium
iigthyldithiocarhamate are added and the mixture extracted
twice with ether, 20 ml, being used on each occasion. The
ether extracts which are washed separately are collected
in a hard glass round hottomed flask.

The ether is evaporated off and organic matter
destroyed by digestion with 0.2 ml. concentrated sulphuric
acid and 0,5 ml, perchloric acid.

To the digest are added, 3.5 ml, water, 0,2 ml.
glacial acetic acid and 1.5 ml, ammonia, sp. gr. 0.88,.
Paeces

10 g, of dried faeces are ashed by ignition in a
silica dish. The ash is dissolved in 100 mi. §f water
conﬁaininé 10 ml., concentrated hydrochloric acid. The
solution is diluted to 200 ml, with water,.

50 ml. of the ash solution are introduced into
s separating funnel and 10 ml., of 2% sodium.
diethyldithiocarbamate added. The mixture is extracted
three times with ether, 25 ml, being used on each
occasion., The ether extracts are collected in a hard glass
round bottomed flask and the ether evaporated off. The
regidue is digested with 1 ml., concentrated sulphuric
acid and 1 ml, perchloric acid.

The residue is diluted with water, 1 ml. concentrate
hydrochloric acid eadded apd the mixture hedted. The
solution is transferred to a separating funnel and diluted

to about 50 ml. with water, 5 ml, of 20% sodium citrate
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'added ‘and the mixture made alkaline by the addition of
ammonié, sp. gr. 0.88, 5 ml, of 10% potassium cyanide

are then added, followed by 5 ml. of 2% sodium
diethyldithiocarbamate, The mixture is then extracted
three times with ether, 25 ml., being used on each

occasion, The ether extracts are collected in a hard glass
round bottomed flask..

The ether is evaporated off and fhe regidue digested
with 1 ml. concentrated sulphuric acid and 1 ml. perchloric
acid, To the residue are added, water, 1 ml. glacial
acetic acid, and 5 ml, ammonia, sp. gr. 0.88. The mixture
is diluted to 25 ml., with water.

Bone

20 g. of bone are ashed by ignition in a silica
dish. The ash is dissolved in water containing hydrochloric
acid and the solution diluted to 200 ml. with water, -

50 ml. of this solution are taken and proceeded with as in
the case of féeces.
Milk

500 ml. of milk are evaporated to dryness in a
gilica dish and then ashed, The ash is dissolved in water
containing hydrochloric acid and proceeded with as in the
case of faeces.

The colorimetric estimation of lead

Preparation of the standard ;
The following mixture is prepared. To 1 ml, of

concentrated sulphuric are added water, 1 ml., glacial acetic
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and 5 ml. ammonia, sp. gr. 0.88. The mixture is diluted
to 25 ml. with water. |

A known amount of lead is added to 5 ml, of this
solution. To this are added 5 ml. of 1% potassium cyanide
and 10 ml, carbon tetrachloride. An ammoniacal solution
of dithizone is added drop by drop, with constant shaking
until excess has been added. Too great an excess must be
avoided., ' Sufficient excess is indicated when the carbon
tetrachloride layer has reached its maximum intensity of
redness and the aqueous layer in tinged brown. The aqueous
layer is then separated and discarded. The carbon
tetrachloride layer, containing the red coloured lead
complex, is shaken repeatedly with aliquots of 5 ml.
of I% potassium cyanide until excess dithizone has been
removed a8 shown by the agueous layer being no longer
coioured. The carbon tetrachloride extract is then passed. .
through a filter paper to remove droplets of water and is
then ready for comparison.

A range of standards may be prepared but the
writer prefers to use a standard containing 0,02 mg. Pb

and using a volume of unknown to conform to this. This

A standard may be prepared by using 2 ml. of a standard

solution of lead acetate containing 0.0l mg. Pb per ml,.
Preparation of the unknown ;
Urine, faeces, soft tissues, bone and milk ;

The lead is contained as lead sulphate in a

solution of ammoniacal ammonium acetate with a volume of
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25 ml, To 5 ml, of this solution are asdded 5 ml. of 1%
potassium cyanide and 10 ml. carbon tetrachloride. The
colour is developed in the same'way as that of the gtandard.

In the event of the lead content of the unknown
being low, 10 ml, of the solution is used, the amounts
of the other reagents being the same. If the lead content
of the unknown is high, & smaller volume than 5 ml, is used.
In this case the solution is diluted to 5 ml. by the
addition of an ammoniacal ammonium acetate solution
having the same composition as that used to prepare the
standard., The amounts of the other reagents are the same.
Blbod H

In the case of blood, the whole of the lead
containing solution is used. To the mixture, containing
the lead in the flask used for digestion, are édded 5
ml, of 1% potassium eyanide and 10 ml., of carbon
tetrachloride and‘the colour developed as above,

Blank ;

A blank should always be done on a new set of
reagents. In estimating the blank, the complete process
is carried out., The blank is small and is thus difficult
to estimate accurately. As a result, the following meithod
hes been adopted., Before the estimation, 0.02 mg. Pb
is added to the blank. This after development of the
colour with dithizone is compared with a standard
. containing 0.02 mg. Pb. The blank is then calculated from

the difference,

-]
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With the exception of blood, the development of

the colour is best carried out in glass stoppered tubes.

A series of recovery experiments were carried out
and the results are shown in Table 1. It will be
gseen that added lead could be estimated accurately.

The method that has been described is specific
for lead and givesg accurate results. An estimation can
be completed in a comparatively short time. Excluding
drying and ignition, an estimation may be completed in
1 hour.

Since this method has been published, new methods
for estimating lead in biological materials have been
. published by other workers 3 spectrographic ‘;Blumberg
and Scott (1935), Cholak (1935)‘]; polarigraphic
‘ [jTeisinger (1956)] 3 colorimetric dithizone methods
[Hubbard (1937), Willoughby and Wilkins (1958)] .
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Table I. The recovery of added Pb

Urine (500 ml.)

IFacces (10 g.)

Milk (500 ml.)

Liver (100 g. fresh)

Blood (20 ml.)

Initial Pb
content
mg.
0-120
0120
0120
0-120
0-120

0-042
0:042
0-042

0:155

0155

0-030
0-030
0-030
0-042
0-042
0-042
0-031
0-031
0-031

0-060
0-050
0-050
0-050

0-243
0-243
0-243
0-243

e
16
16
16

19
19
19

12
12
12

39.

Pb added
mg,
0-050
0-100
0:200
0-250
0-500
0-020
0-060
0-100
0-200
0-400

0-200
0-500
1-000
0-030
0-050
0-100
0-040
0-080
0-120

0-050
0-100
0-200
0¢-500

0-050
0-100
0-200
0-400

1.
10
20
40
10
20
40

10
20
40

Total Pb
found
mg.
0-163
0-215
0-308
0-362
0-625
0-079
0-096
0-140
0-360
0-565

0235
0-549
1-036
0-079
0-096
0-140

0:072
0-115
0-154

0-105
0-145
0-248
0-560

0-299
0-350
0-440
0640

pe.
27
37
58
28
39
58

22
34
53

Pb

recovered

mg.
0-043
0-005
0-188
0-242
0-505
0-037
0-054
0-098

0-205
0-410

0-205
0519
1-006
0-037
0-064:
0098

0-041
0:084
0-123

0-055
0-095
0-198
0-510

0-056
0-107
0-197
0:397

pg-
11
21
42

9
20
39

10
22
41



The Distribution ovaead in Human Tissues
v The available data concerning the presence or
otherwise of lead.in 'normal' human tissues has been in
a very conflicting state,

Meilliére (1903) -stated that he could detect lead
in the organs of nearly all the squects examined by him,
Aub et alia (1926) state that the lead retained by an
apparently normal individual is held almost exclusively
by thé gkeleéeton, Later work illustrated the presence of
lead in 'normal' bones but there was considerable |
variation. Barth (1931) found 0.01 - 0,06 mg. Pb per g. ash
or approximately b - 30 mg. Pb per kg. fresh bone, while ‘
Lynch et alia (1934) found 14 - 146 mg. Pb per kg. fresh
bone, Weyrauch and Muller (1933) found no appreciable amoun
of lead in liver, spleen or brain. Sheldon and Ramage (1931
using a spectrographic method, found lead occurring
spasmddically in 'normal! human tissues while Boyd and De
(1933), also using a spectrographic method, found lead
well marked in the liver and present in all organs examined
except the brain. Lynch et alia (1934), in an examination
of a few organs, obtained values of the order of 1.5 mg.

Pb per kg. fresh tissues in some livers and none in others,
Kehoe et alia (1933) found appreciable amounts of lead in
the tigsues of two cases apparently normal shortly before
death, The conflicting results reported are undoubtedly
due to inaccurate methods,

Tissues were obtained post-mortem from persons with
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no history of exposure to lead other.. than the 'normal!
hazard, and the lead content determined. The results are
shown in Table 2a,

In a.later investigation, the lead contents of
different types of bone viz, rib, vertebra, femur and
tibia were examined. The results are shown in Table 2b.

The lead content of normal blood was then
determined., This was taken from living persons and was
undertaken as it was considered that such an estimation
might prove of value in the diagnosis of lead poisoning.
The blood was collected in an all glass syringe fitted
with a stainless steel needle, transferred to a Pyrex
teat tube and measured as quickly as possible. About
20 ml. were used. The results are shown in Table 2c.

in.anexamination of the tissues of persons with
no history of exposure to lead other than the 'normal?
hazard, lead was found in every one examined viz. bone,
liver, spleen, kidney, lung and brain, The highest
concentrations were present in bone. Bones such as
femur and tibia were found to contain much higher
concentratidns of lead than rib or vertebra. Of the soft
tissues, the highest concentrations were found in the liver,
It would appear that the lead content of such bones as
femur and tibia increases with age. The lead contents of r:
vertebra and soft tissues are unaffected by age.

Lead was found to be invariably present in

- circulating blood. In 40 cases, the figures ranged from
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40 - 70 mg. Pb per 100 ml., with an average of 5§/ug.

Pb per 100 ml, blood.

Since this work was completed and published,
investigators in various parts of the world have recorded
the lead content of 'normal' human blood. These confirm

the figures reported here [;Blumberg and Scott (1935)
- spectrographic method ; Kehoe, Thamann and Cholak (1935)

’
- spectrographic method ; Teisinger (1936) - micr0polarigrapk
method ; Taeger and Schmitt (1937) - dithizone method ;

Willoughby and Wilkins (1938) - dithizone method ] .
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Age Sex
61 M
35 M
59 F
69 M
50 F
2 M
35 M
40 F
57 M
41 M
64 M
0- F
37 M
39 F
19 F
25 F
59 M
23 F
54 F
G weeks M

QOceupation

None
Timekeeper
Housewife
None
Housewife
Cinema proprietor
Housewife
Ex-soldier
Iron dresser
Machinist
Houserwife
Storekeeper
Housewife
Typist
Warehouseman
Shop assistant
Housewife

Mean, excluding No. 20

_ ARLE N AL

—Em [ERD CONTENT C©F HumMmARN TiSSoES.

Diagnosis

Carcinoma colon

T.B. meningitis
Diabetes mellitus
Carcinoma rectum
Chronic nephritis
Bronchopneumonia
Cerebral aneurism
Haemorrhage
Syphilitic acrtitis
Lobar pneumonia
Valvular disease
Myocarditis

Bact. endocarditis
Acute pancreatitis
Obstruction
Carcinoma rectum
Carcinoma oesophagus
Diabetes mellitus
Diabetes mellitus
Bubarachnoid haemorrhage

Liver Kidney Spleen Brain Right
— —t— —— —— Rib  Vertebra Ilung
mg. per Total mg per Total mg. per Total mg per Total mg per mg per Total
kg. mg. kg. mg. kg, mg. kg. mg. kg. kg. mg.
(a) Cases with no known occupational exposure to lead.
1-50 1-65 0-80 0-19 — — - — 1072 447 —_
0-85 1-22 1-26 0-44 . — 0-36 0-50 9-76 8-93 —
110 1-96 2:60 0-83 — — —_ — 8-43 5-58 -—
2-50 2-99 1-50 0-41 — — — - 6-90 5-35 _—
1-20 1-37 — — 0-63 0-09 0-64 0-73 7-80 5-45 -
1-53 —_ 0-74 — — — 032 0-42 953 8-23 -
1-26 2-39 143 0-36 — — 0-55 072 129 147 —
095 0-93 173 0-45 — — — — 5-26 618 —
157 2:04 072 0-22 0-77 0-17 - — 815 6-61 —
256 3-69 2-04 0-69 5-90 0-83 — - T-47 875 -
0-99 1-55 121 0-51 1-49 0-28 — — 11-89 71 —
2-10 3-82 0-98 0-31 095 034 072 0-86 10:00 1095 0-65
1-35 1-80 0-91 0-29 0-64 0-15 - — 7-59 596 0-28
098 1-18 0-87 0-22 0-74 0-05 —_ — 1023 975 0-26
4-63 4-42 113 0-23 0-69 0-08 — - 5-43 7-51 0-88
214 3-42 0-87 0-33 0-72 0-19 — — 5-00 5-03 0-82
2-13 1-89 0-74 0-16 3-39 0-23 - — 585 4-21 0-28
2-00 3-50 0-83 0-31 3-84 0-42 0-43 0-64 11-00 4-28 0-38
1-49 3-73 0-85 0-31 0-37 0-25 — — 8-55 570 0-42
195 0-39 3-55 0-14 308 0-07 0-24 6-07 1-57 2-60 0-079
{both)
178 2-42 1-35 0-38 1-68 0-26 0-50 0-645 855 7085 050

43,




Tamire 2&

The results are expressed in mg. Pb per kg. fresh bone.
Verte-

W-TDH O W

=}

ot bt et
[ )

13
14

15
16
17

18
19

kidneys

Age Oceupation Diagnosis Rib braec  Femur Tibia
Males.
25 Quarryman Nephritis 59 4-6 339 27-8
28  Newsagent Aspirin poisoning 9-8 64 256 270
29 Clerk Ulecers of small in- 4-2 4-6 21-1 20-6
testine
35 Boiler fireman Care. of stomach 13-3 7-3 482 286
50 Hairdresser Care. of stomach 79 4-6 481 42-1
58  Labourer Nephritis 89 86 290 265
59  Engineer Uraemia 12-8 11-6 70-0 62-7
66  Iron moulder Care. of pelvic 86 6-5 42-3 48-6
colon
67 Retired Cerebral 9-1 82 559 437
haemorrhage
67 Retired Fractured skull 111 124 1083 96-5
68 Blacksmith Carc. of bronchus 11-3 7-6 74-1 43-4
74 Restaurant proprietor ~ Coronary 13-4 12:6 82-2 81-6
thrombosis
Females.
12 — Malignant thymoma  4-0 181 17-9
19  Shop assistant Subacute bacterial 165 74-8 60-0
- endocarditis
22 Clerk Pernicious anaemia 72 18-2 15-3
30 Housewife Burns 95 34-1 29-8
39 Housewife Subacute bacterial 9-8 44-5 46-8
endocarditis
49  Housewife Toxic goitre 87 333 278
61 Housewife Abscesses of the 17:5 617 61-5
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Table 2¢
The lead content of the blood of '"normal'!
' men and women

pg. Pb per 100 ml.

Blood lead - No. of cases

40 - B
45 7
50 10
55 B
60 8
65 4
70 1
Average 55 Total 40
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The Lead Content of the Tissues of

Human IMoetuges

The tiséues of four stillborn human foetuses were
obtained and their lead content estimated. The results
are shown in Table 3. |

Appreciablé amounts of lead were found in these
tissues but the concentrations were much lower than in
tha adult. It must be assumed that lead is transferred by

the mother to the foetus through the placental circulation.
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1
2
3
4

!
j

Months
gesta-
tion

8
twin
85

7

Sex

1

Tue

M
F
M
M

3

2400
2100

1600
Mean

..._ulrm_lm %)

Weight mg. per

tLERD ConNTENT CF THE TIi1SSUES OoF
HUMRN FOEBETUSES
Liver Kidney Brain M
— —t— — Femur -
Total mg. per Total mg. per Total mg. per,
kilo mg. kilo mg. kilo mg. kilo
0-33 0-04 0-66 0-01 0-12 0-03 1-49
0-83 0-07 063 0-01 0-21 0-04 2-66
0-63 0-06 0-63 0-01 0-18 0-07 1-47
0-95 0-06 0-67 0-01 016  0-04 1-30
0-68 0-06 0-65 001 017 0-045 173
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Lead in Milk

As lead could he detected and estimated in all
tissues and excreta examined, one would naturally expect
it to be secreted in milk and an excellent opportunity
arose to investigate this.

On a farm in a neighbouring county, water was
supplied through a lead pipe. This water was very
plumbosolvent and was found to contain 6 mg. Pb per litre.
This water was consumed by the cows., Samples of milk
were obtained from verious cows and the lead content
estimated. The resultis are shown in Table 4,

Lead in appreciable amounts was present in all
of the samples, values of 0,069 - 0.212 mg. Pb per litre

being obtained.
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Table 4

The Lead Content of Milk

mg., Pb per litre

49-

0.094
0.069
0.093
0.085
0.170
0.212
0.143



The Lead Content of Human Excreta.

Originally it was the practice for a sample
of urine or faeces to be sent to the laboratory to be
tested for the presence of lead if plumbism was sus~
pected. A positive result was taken to support the
diagnosis. Later it was realised that lead occurred
in urine and faeces under normal conditions, although
the amounts were small., Several investigators then
attempted to determine the normal range, especially
that in urine ‘:Cooksey and Walton (1929), Francis et
alia (1929), Kehoe et alia (1933) ] . These
investigations were undertsken in order to determine
a standard upon which a diagnosis of plumbism might
be made in a suspected case. No particular precautions
were taken as to diet etc. The results were expressed
in mg. Pb per litre in the case of urine and in mg.Pb.
per 100 g. dried faeces or in mg. Pb per g. faecal
ash. The mean values for urinary lead were much the
same but the ranges showed great variation.

It has been the experience of the writer that
often in plumbism, especially in the mild type, the
excretion of lead does not greatly exceed that in the
normal. According to Kehoe et alia (1933), removal
from exposure to large amounts of lead, results in a
rapid fall in excreted lead until values just above the

normal./
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normal are reached, these levels being then maintained
for a long period. It is the mild type that is liable
to defeat the clinician and it is in this type of case
that the biochemist's assistance is most needed.

The writer considers that results should be
expressed in terms of wmg. Pb per day, as this would
eliminate many variable factors. In addition the results
should have reference to some standard diet, the lead
content of which is known, in fact one should attempt
to do a lead balance.

For a number of years it has been our practice
in the Glasgow Royal Infirmary to do this. The patient
is placed on a standard diet, the lead content of which
is known, and thé urine and faeces collected over a
period of 3 days. The lead content is then estimated.

A number of normal patients were examined
thus. The diet contained 0.22 mg. Pb per diem. The
results are shown in Table 5 and indicate that for all
practical purposes they were in balance. At the head
of the Table are shown the lead contents of the urine
and faeces'of 3 persons whose diets were uncontrolled.

These are much higher.
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Jlt_m LEAD CONTENT OF HuMAN

EXCRETH .

Days
Sex collection Occupation

{¢) Normals.

Laboratory worker
Do.
Do.

(b) Hospital patients.
‘Warehouseman
Housewife
Miner
Packer
Housewife

Do.
Miner
Engineer
Brass moulder
Packer

Mean for patients
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— s
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Urine
mg. per diem

Faeces

mg. per diem

0-16 0-40
0-03 0-40
0-085 0-39
0-04 0-20
0-025 0-23
0-06 0-26
0-055 0-23
0-07 0-24
0-05 0-20
0-06 0-22
0-05 0-24
0-04 0-20
0-06 0-20
0-05 0-22
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Origin of the Lead present in Normal Tissues and Excreta.
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The lead present in the tissues and excreta of
‘normal' human beings appears to be of twofold origin;
1. lead in foodstuffs and drinking water, 2. lead present
in the atmosphere. |

A large amount of the food that we consume
contains traces of lead. This subject has been reviewed
by Monier-Williams (193%8). This lead is not due entirely
to the manufecturing processes through which much of the
food of a civilised community passes, for lead is distri-
- buted very widely throughout this planet, even normel soil
containing traces. ZXehoe et alia (1933) found lead present
in the urine, faeces and foodstuffs of a community of
Indians living under primitive conditions. The Tigures
were lower than those of a civilised community. Drinking
water is responsible for a certain amount of lead for
although natural waters do not as a rule contain
appreciable amounts of lead, the use of lead pipes and
storage tanks is still common. The writer has estimated
the lead content of the drinking water used in various part
‘of Glasgow. The results are shown in Table 6 indicating
that apprecisble amounts are present.

Another source of lead is that present in dust,
especially in industrial regions. This lead would be
absorbed from the respiratory tract. A number of investi-

gations/




investigations of the lead content of both the air
and dust in industrial towns has been made. 1In
Bradford, Leeds and Huddersfield, Manley (1937) found
that the dust contained 0.053 - 1.2%4% lead.




Table 6.

The Lead Content of the Drinking Water in the
City of Glasgow.

The results are expressed
in mg. per litre.

Remarks.
1. 0.03 iron pipes.
2. 0.09 lead pipes only.
3. 0.06 "
4, 0.08 o
5. 0.43 lead pipes and :
storage tank.
6. 0.57 "
7. 0.55 "
8. 0.34 "
9. 0.27 "



Factors Influencing the Absorption of Lead.

Lead may be absorbed from the respiratory tract,
alimentary tract and skin. In industrial lead poisoning
abgsorption from the respiratory tract is considered to
be the important factor. In the 'normal' hazard and in
lead poisoning due to contamination of foodstuffs and
drinking water, absorption is from the alimentary tract.
Absorption from the alimentary tract is undoubtedly
influenced by & number of factors.

Aub et alia (1926) compared the degree of
absorption of lead in two groups of cats, one group being
on a milk diet and the other on a milk free diet. They
could detect no marked difference and concluded that the
amount of calcium in the diet had no influence upon the
amount of lead absorbed from the alimentary tract.
Shelling (1932) produced evidence which seemed to suggest
that diets high in calcium render lead more toxic than
diets high in phosphorus. Weyrauch and Necke (1933)
found that the simultaneous oral administration of milk
or mucilage and white lead to rabbits did not decrease to
any appreciable extent the amount of lead absorbed. On
the other hand they found that oil and margarine increased
the amount of lead absorbed by more than 10 times. Sobel
et alia (1938) in a study of experimental lead poisoning

in/
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in rats, found that about twice as much lead was
absorbed on a diet containing viosterol as without it.
Adult male mice were the animals used throughout
this work. Two basic diets were used, namely a high
calcium diet and a low calcium diet of the following
compositions;
Low calcium diet

Shelling (193%2)

Whole wheat flour 4%6
Casein. 100
Corn starch. 325
Wheat gluten 50
Olive Oil. 40
Sodium chloride. 20
Potassium chloride. 15
Butter omitted.

High calcium diet.

g.
Whole wheat flour 700
Whole milk powder. 300
Marmite 50

In the first experiments the effect of high
and low calcium diet upon the absorption of lead was studied.

The mice were fed with the specified diets (2.5 g.
per/




per mouse per day) to which were added supplements of
lead in the form of lead acetate. Each mouse was housed
in a separate glass jar, floored with sawdust. No
restriction was made upon the amount of water drunk.
The amount of diet supplied was constant per mouse per
day and was made up into a thick paste with water and
placed in a porcelain dish, this minimising loss by
spillage. No difficulty was experienced in obtaining
complete consumption of the daily rations. The
experimental period was 14 days. At the end of this
period the jars were cleaned out and all the animals
placed on the high calcium diet for 4 days to remove
unabsorbed lead from their alimentary tracts. The
animels were then killed. The lead content of each
whole animal was then determined. The lead content of
control animals and also of unsupplemented diets were
also estimated. The results are shown in Table 7.

It will be seen that absorption of lead was
high on a low calcium diet and low on & high calcium
diet. In view of this, experipents were carried out
in which mice were fed on the low calcium diet containing
added supplements of lead to which had been added calcium
glycerophosphate (0.5 g. per mouse per day). This in
effect converted the low calcium diet into a high celcium
diet/
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diet. Here again the effect of the high calcium diet
was to proéuce only a.small absorption of leed (Table 7).

The effeet of fat and vitamin D upon the |
absorption of lead was then studied. It was considered
that fat might hinder the absorption of lead by the‘
formation of insoluble lead soaps. In this series of
experiments the mice were placed upon the low calcium
diet, containing supplements of added lead, to which
was added olive oil at the rate of 1 ml. per mouse pef
day. No specific influence of fat upon the absorption
of lead could be detected (Table 7). It was considered
that vitamin D might aid the absorption of lead in the
same way that it aids the absorption of calcium. In this
series of experiments mice were placed on a) the high
calcium diet, b) the low calcium diet, containing
supplements of added lead to which was added cod liver oil
at the rate of 3 drops per mouse per day. The experimental
results obtained did not indicate any marked influence by
vitamin D upon the absorption of lead (Table 7).

It is interesting to speculate as to the reasons
for tﬁe influence of calcium upon the absorption of lead
from the alimentary tract. According to Shields et alia
| (1939) absorption of lead takes place not in the stomach
but rapidly from the small intestine. Lead in diets will
be/ |




be in insoluble forms but will pass into solution rapidly

in the stomach owing to the action of the acid of the gastric
juice. TUpon entering the small intestine, the stomach
contents will meet the alkaline panereatic fluid and bile%as
a result the now intestinal contents will tend to beconme
neutral and possibly alkaline in reaction. This process
will tend to precipitate the lead. It is generally agreed
that lead to be absorbed must be in solution. As a result
the degree of lead absorption will depend upon the rate at
which the stomach contents are neutralised in the small
intestine. It is suggested that upon a low calecium diet,
owing to the low base content, the stomach contents are more
acid than usual and as a result neutralisation in the small
intestine will take longer while on high calcium diet, owing
to the high base content, the opposite takes place.

Although large amounts of lead were absorbed on a
low calcium diet, the absorption by animals receiving the
same quantities of lead in different experimenﬁs showed
marked variation. Other important factors must therefore be
involved such as the amount of water consumed etc. Under
comparable conditions however, the amount of lead absorbed
is related to the amount of lead consumed.

Telfer (1939) has shown that the absorption of
calcium and magnesium from the alimentary tract is increased

by the oral administration of hydrochloric acid. It is
probable/




probable that lead would behave similarly. The following
experiment was carried out. A number of mice were fed with
high calcium diet containing 1 mg. Pb (as lead acetate)
and 0.5 ml. N. hydrochloric acid per mouse per day for a
period of 14 days. At the end of this period they were
placed on the high calcium diet alone for 4 days to remove
unabsorbed lead from their alimentary tracts and then
killed. The total lead content of each animal was then
estimated. The results are shown in Table 8. It will be
seen that lead is more easilﬁ abhsorbed under these
conditions. The results of this experiment lend support
to the theory advanced above, and indicate the importance

of the degree of gastric acidity on the absorption of lead.
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FxeerirmEntar. Perions - 14 mevys.

The results are expressed as (A) mg. total Pb, (B) mg. Pb per 100 g. body wt.

Supplement of Pb
(mg. Pb per mouse
per day) 005 010 0-50 1:00
A B A B A B A B
Low Ca diet
Exp. 1 0-046 0-224. 0:159 0-795 0:254 1-270 0-445 2-42
2 0-143 0-681 0-211 1-055 ¢-510 2-566 0-909 5-06
3 0-057 0259 0149 0-709 0-200 0-87 0-385 1-68
4 0-133 0-665 0-182 0-867 0-450 2:37 0-666 1-33
Average 0-457 0-856 176 263
High Ca diet
Exp. 5 0-033 0-173 0-042 0-210 0-055 0-282 0-057 0-317
6 0-042 0-221 ~ 0-054 0-284 0-042 0-200 0-050 0:217
Average 0197 0-247 0-241 0-267
Low Ca diet + Ca glycerophosphate (high Ca diet)
Exp. 7 0-027 0-142 0-028 01565 0-029 0-129 0-028 0-143
8 0-026 0-108 0-027 117 0-030 0-115 0-036 0-180
Average 0-125 0-136 0122 0-162
Low Ca diet +olive oil
Exp. 9 0-133 0-633 0-182 0-860 0-250 1-25 0-366 1-74
10 0-125 0-571 0-252 1-200 0-714 3-10 0-833 397
Average 0-602 1-030 218 2-86
Low Ca diet 4 cod liver oil
Exp. 11 0-128 0-609 0-222 0-925 0-714 3-10 0-800 4-21
12 (3133 0-665 0-159 0-757 0-360 2-00 0-500 2-63
Average 0-637 0-841 2-5b6 342
High Ca diet + cod liver oil
Exp. 13 0-029 0132 0-040 01687 0-046 0-230 0-054 0135

Pb content of control animals =0-020 +0-003 mg. Pb.
Pb content of the high Ca diet =0-002 mg. Pb per mouse per day.
Pb content of the low Ca diet =0-002 mg. Pb per mouse per day.
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Adult Male Mice. High Calcium Diel + 1 mg. Pb (lead acetate) 4
0-5 ml. N HCl per mouse per day. Period, 14 days.

Weight. Total lead. Lead.
(g.} (mg.) (mg. Pb per 100 g.)
28 . 1-429 . 5-10
19 . 0-909 4-78
21 1-111 529
21 1-176 . 560
23 1-000 . 4-35
17-5 0-667 3-81
21-5 0-909 4-23
31-5 1-111 . 3-63

Average 4-58
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The Lead Content of the Blood and Excreta in Suspected
: Plumbism.

The lead content of the blood and excreta in a
number of cases of suspected plumbism has been examined.

The excreta were collected over periods of 3 days
while the patients were on the standard diet (see page 57 )
In three cases the excreta were collected when the patients
were on other diets ; Case No.l9 was on low calcium diet 4
ammonium chloride during one period and on high calciunm
diet during another period; Case No.29 was on the standard
diet during one period and on high calcium diet during
another period; Case No.30 was on the standard diet during
one-period and on the standard diet and ammonium chloride
during another period. In every case, the blood lead was
estimated once or several times but the excreta were not
examined in every case. The results are shown in Tables
9a and 9b. In Table 9a are included those cases in which
the blood lead did not exceed 100 pe- Pb per 100 ml. Table
9b includes those cases in which the blood lead at some
period exceeded 100 mg. Pb per 100 ml. The cases included
in Table 9b were all diagnosed as plumbism while of the
cases included in Table 9a, only Case No.l9 was confirmed
as such.

In the cases of lead poisoning diagnosed as such
(Table 9b), the blood lead was at some period increased. In

some/




some of these cases, the execretion of lead was increased
greatly but in others it did not greatly exceed the normal.
In Case No. 24 it will be noted that the amount of lead
excreted decreased to a level not greatly exceeding the
normal as the time of removal from exposure to lead
increased. This is in agreement with the findings of
Kehoe et alia (1933).

Of the cases shown in Table 9a, only No.l9
was finally diagnosed as plumbism as although the blood
lead was normal, the excretion of lead was high. In the
other cases, the blood lead and lead content of the

excreta were normal or raised only slightly.




,I—TB LE

| A

Mm Average of 3 days’
So excretion in mg.
Case | Occupation Symptoms Final diagnosis = per day Remarks
0 L
= B
M3 | Urine | Feeces| Total
1 Policeman Loss of power in the arms Huaomammwm.qm Wémoﬁmu 55 0-65 | 0-19 | 0-24 —
atrophy .
2 Carter Numbness of hands and feet Polyneuritis 65 0-06 | 0-19 | 0-25 —
3 Printer Pain in the back and sides Neoplasm of cord 56 0-06 —_ —_ —_
4 Plumber Abdominal pain — 42 0-06 — —_— —_
5 Painter Colic Spastic colitis 56 0-06 | 0-21 | 0-27 —
6 Stereotyper Pain in the chest Coronary disease 52 0-065| — —_ —
7 | Metal-worker Drop-wrist moﬁoéwﬁ by facial Cerebral softening 91 0-095| — — | Died. Autopsy
paralysis
8 Housewife ‘Wrist - and foot-drop (bilateral) Aleoholic neuritis 46 — — —_ —_
9 Acetylene- Diarrhoea, and abdominal pain — 70 —_ — —_ —
burner
10 Painter Headache, vomiting, loss of power — 49 — — — Cutpatient
in right arm
11 Plumber Headache — 51 0-05 | 0-59 | 0-64 —_
12 Pajnter Weakness of legs, headache Arteriosclerosis 90 — — —_ —
13 Plumber Vomiting and abdominal pain Appendicitis 60 —_ — —_ Operation
14 Painter Bad taste in the mouth and Appendicitis 64 017 | 0-34 | 0-51 —
abdominal pain
15 Printer —_ —_ 54 —_— — — Qutpatient
16 Printer Numbress and tingling of hands and | ? Addison’s disease 48 —_ — —_ —
feet (pigmentation of mouth)
17 — Pain in lumbar region — 33 — —_ —_— Outpatient
18 Painter Weakness and wasting of hands — 63 — —_ -— —
0-11 | 1-16 | 1-27 Ordinary diet
19 Explosives Colic and constipation ; weakness Chronic plumbism 0-17 | 1-14 | 1-31 |Low-calcium diet
factory worker of hands 5 and NH.Cl
0-11 | 0-68 | 0°79 High-calcium

diet
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AL E Bs.
Average of 3 days’
Days Biood- excretion in
Case m%%mmm Occupation Symptoms Jead mg. per day Remarks
specimen (#g.100 ml.)
Urine | Feeces| Total
21 0 Red-lead Cramps in legs and 109 0-13 | 0-40 | 0-53 —
painter abdominal pain
22 0 Ditto Admijtted in coma ; fits 137 0-07 | 0-32 | 0-39 —_
93 A 0 Scrap-lead | Abdominal pain, cramps in legs ; 123 0-17 | 0-473| 0-643| Blue line, punctate basophilia
65 refiner readmission ; pain in legs 132 0-06 — —_
0 Ship-breaker Colic and constipation 207 0-29 | 2-53 | 2-82 Blue line
20 {oxyacetylene) 200 0-16 | 1-56 | 1-72 .
24 mw ww 0-06 | 0-36 | 0-42 Well ; no pain
130 61 _] - =
] Red-lead Coli¢c and vomiting 80 — — — Punctate basophilia absent
150 painter Readmission for return of 322 0-18 | 031 | 0-49 | Definite punctate basophilia
25 pain with melena
159 260 — —_— -—_
167 126 — — —
26 0 Hydraulic- Colic and pain in right leg 113 020 | 0:80 | 1-0 —_
press worker
0 Painter’s Pains in abdomen, drop-foot, 350 _— _ — —
labourer and cramps in hands
27 20 220 006 | 017 | 0-23
H 58 55 - —_ —_
07 48 — — —
0 Red-lead Bad taste in mouth, abdominal 348 — — — Blue line
— 62 painter discomfort, chronic constipation 207
28 90 — 0-51 | 0-14 | 0-65
95 140 — — —
04 83 — —_ —
11 90 _ —_ —
0 Bath Pain in chest {(intercostal 400 — — —_ —
enameller neuritis) )
29 5 340 021 | 0-92 | 1-13 Ordinary diet
9 — 0-20 | 09 11 High-calcium diet
0 Accumulator Pains in chest 200 —_ — — —_
25 repairer 33 — — —
30 32 —_ 0-15 | 0-27 | 0-42 | Ordinary diet and NH .Cl
MM |m.c 0-09 | 0-39 | 0-48 Ordinary diet




The Mobilisation of Lead.

Aub and his co-workers (1926) believed that lead
1s stored in the bones and as such exerts no toxic action.
They believed that the lead present in»fhe soft tissues
is solely responsible for the toxic episodes that occur in
plumbism. As a consequence, the condition of a person who
has absorbed large quantities of lead will depend upon
the distribution of lead between the soft tissues and the
skeleton. Aub et alia (1926) have shown clinically that
the toxic episodes of plumbism are relieved quickly by
high calcium therapy and that the clinical improvement is
accompanied by a decrease in the amount of lead excreted.
This would suggest that lead is being laid down in the
skeleton. The clinical side of this work has been confirmed
by Belknap (1929). ’ |

‘ Two different views are held regarding the
treatment of plumbism ; in one a high calcium intake is
recommended in order to keep lead stofed in the bones;
the other favours a process of de~leading as it is
considered that a large store of lead in the bones cons-
titutés a potential danger as in metabolic disturbances
it is liable to be mobilised and pass into the soft tissues.
Aub et alia (1926) support the second view.

Aub et alia (1926) carried out an investigation

of/

&8



of agents likely to produce mobilisation of lead. They
found that acidosis producing substances e.g. ammonium
chloride and mineral acids, potassium iodide, sodium
bicarbonate and low caleium intake have this property.
Similar resulté were obtained with parathormone in con=-
junction with a low caleium intake by Hunter and Aub (1937).
In this work the efficiency of the agent was assessed by
its ability to increase the total excretion of lead.
Litzner, Weyrauch and Barth (1931) could confirm the
efficiency of sodium bicarbonate but not of acidosis pro-
‘dueing substances, their conclusions being based upon the
effect of the agent upon the urinary excretion of lead.

Apart from effects upon exeretion, no worker has
shown experimentally that these agents do actually produce
a liberation of lead from the skeleton and their effect
upon the blood lead hes not been studied. The following
investigations were concerned with these.

A These investigations were carried out on animels,
adult male mice being used.

The lead content of a number of mice was
increased by feeding them with & low calcium diet containing
lead (as lead acetate) at the rate of 1 mg. Pb per mouse
per day for a period of 14 days.

In the first experiment, the animals were fed

on/
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on the low calcium diet and lead as deseribed above. At
the end of the period, one third of the animals were kept
on low calciwn diet, but without lead for 4 days and
then killed (a). The remainder were placed on a high
calcinm diet for 7 days and then half of their number
were killed (b). The remainder were placed on the low
calecium diet, and then killed at the end of 7 days (c).
In each mouse, the soft tissues were separated from the
skeleton and their lead contents estimated. The percentage
of the total lead present in the soft tissues and skeleton |
was calculated. The results are shown in Table 10.

It will be seen that following absorption of
lead on a low calcium diet, lead predominated in the soft
tissues. The effect of high calcium diet was to cause
lead to predominate in the skeleton but it should be noted
that the amount of lead in the soft tissues is not
negligible and is probably quite capable of producing
damage. The transference of the mice from high caleium to
low calcium diet resulted in an increased percentage.of
lead in the soft tissues. These results indicate that
the distribution of lead between the soft tissues and
skeleton is influenced by the calcium content of the diet.

In the following experiments the effect of other
agents were studied. These were,

1. Potassium iodide with low calcium intake,

2/
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. Sodium bicarbonate with low calcium intake.
. Ammonium chloride with low calcium intake.
Potassium iodide with high calcium intake.

Sodium bicarbonate with high caelcium intake.

e NN ) N S L

. Ammonium chloride with high calcium intake.

The lead content of adult male mice was increased
as described above. They were then placed on a high -
calcium diet for 7 days in order to produce a predominance
of lead in the skeleton. The animals were then placed
on treatment for 7 days, after which they were killed and
the lead content of their soft tissues and skeletons
estimated. The percentage of the total lead present in
soft tissues and skeleton was then calculated. The
results are shown in Table 1l.

It will be seen that these substances produced
mobilisation of lead on both high énd'low célcium intake.
That the substance was producing an effect on low calcium
intake, which itself has a mobilising effect, is indicated
by the higher percentage of lead in the soft tissuves.

Several important facts emerge from this
investigation. Acidosis producing substances, which are
usually used in conjunction with a low calcium intake to
produce mobilisation, are effective on a high calcium
intake. Acidosis from metabolic causes should therefore
be avoided in plumbism as a high calcium intake cannot

neutralise/




neutralise its effect. DPotassium iodide and sodium
bicarbonate should not be sdministered to persons With an
excess of lead unless mobilisation of lead is desired.
'Stomach' powders, containing sodium bicarbonate, are

common offenders in this respect.

Separation of the soft tissues
and bones of mice.

The animal was skinned and the éarcase heated with a
small quantity of distilled water in a silica dish on a
steam bath. At the end of 30 minutes, the bones could bé
separated gquite easily from the soft tissues. It was
considered that under such conditions, possible solution
of lead present in the bones would be a minimum. The

skin was included with the soft tissues.
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The results are expressed in mg. Pb.
A. On low calcium diet alone. _
Mouse No.

1. 2. 3.
Lead content of soft tissues . . 0-154 . 0-168 0:150
Lead content of skeleton . . 0-105 . 0-125 0-100
Total lead . . . . 0-259 . 0293 0250
Percentage of lead in skeleton . 40-6 . 428 40
Percentage of lead in soft tissues . 59-4 . 57-2 60
B. Low calcium diet followed by high calcium diet.
Mouse No.
4. 5. 6.
Lead content of soft tissues . . 0-077 . 0-089 0-080
Lead content of skeleton . . 0250 . 0-312 0-282
Total lead . . . . . 0-327 . 0-401 0-362
Percentage of lead in skeleton . 76-4 . 77-8 77-9
Percentage of lead in soft tissues . 23-6 . 222 221
o. Low calcvum diet followed by high calcium diet, followed by
low calcium diet.
Mouse No.
7. 8. 9.
Lead content of soft tissues . . 0-077 . 0-087 (- 090
Lead content of skeleton . . 0-143 . 0-151 0-178
Total lead . . . 0-220 . (- 238 0-268
Percentage of lead in skeleton . 65 . 64 62
Percentage of lead in soft tissues . 35 . 36 38
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Taswe 1.

-Mobilization of Lead by Addition of 50 mg. per Mouse per Day of Ammonium Chloride, Potassium

No addition.
\Il;'l'l
Mouse No. 1. 2, 3.

Lead content of soft tissues (mg.}) 0-050 0-050 0-066
Lead content of skeleton (mg.) . 0-100 0-091 0-132

Total lead (mg.) . . . 0150 0-141 0-198
Per cent. lead in soft tissues . 334 355 336
Per cent. lead in skeleton . . 66-6 64-5 66-4
XNo addition.
e e
Mouse No. 13. 14. 15.

Lead content of soft tissues (mg.}). 0-049 0-039 0-066
Lead content of skeleton (mg.) . 0-144 0-145 0-233

Total lead (mg.) . . . 0-193 0-184 0-299
Per cent. lead in soft tissues . 25-4  26-7 23
Per cent. lead in skeleton . . 74-6  73-3 17

Low Calcium Diet.

+ ammonijum chloride.
\|\(|IJ
1. 5. 6.

. 0-110 0-136 0-104

. 0-140 0-148 0-110

. 0-250 0-284 0-214
44 48 48-6

. 56 52 a1-4

High Calcium Diet.

+ ammonium chloride.
]Ill\
16. 17. 18.

. 0-124 0-081 0-104
. 0-125 0-098 0-106
. 0-249 0-179 0-210
. 850 45-2  49-5
. 50 54-8  50-5

Todide and Sodium Bicarbonate to Low and High Calcium Diets.

+ potassium iodide.
8 9,
7. . .

0-091 0-146 0-121
0-099 0-154 0-146
0-190 0-300 0-267
48 48-7 45-3
52 51-3  54-7

4+ potassium iodide.
m———
19. 20, 21.

0-082 0-090 0-100

0-077 0-040 0-120

0-159 0-130 0-220
51-6 69-2 45-4
48-4 308 54-6

+ sodium bicarbonate. xw
\l.;ln\r'/
10. 11, 12, »«\\\\\
0-110 0-100 0-108
0-800 .\\b.\ﬁo 0-140
0-190 “0-240 0-248
57-9 41-6 44
42-1 48-4 56

>

4+ sodium biearbonate,
\lsJ
22, 23. 24,
0-080 0-090 0-104
0-160 0-090 0-111
0-240 0-180 0-215
33-3 50 48-3
66-7 50 517
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B. In this ihv@stigation, the effect of certain
agents upon the lead content of the blood in plumbism was
investigated. In three of the cases, the lead content
of the excreta was determined., The results are shown in
Charts 1 - 11, |

The effect of fariation in the calcium content of
the diet upon lead mobilisation as shown by the amount of
lead in the blood is illustrated by Cases 4 - 11, a high
calcium intake being fellowed by a marked fall in blood
lead. As the treatment in some cases lasted over a period
of weeks, this may have been due in part to loss of lead
by excretion. That the calcium content of the diet does
exert a pqwerful influence is shown by Case 7, who was
placed alternately on high and low calcium intake. On
high calciun intake, the lead content of the blood fell
while on low calecium intake it rose.

. The effect of an scidosis producing substance viz.

ammonium chloride in conjunction with a Llow calcium diet

was studied in Cases 1 - 3. In Cases 1 and 3, the effect
was to produce marked increases in Dlood lead, the levels
being very much higher than with low calcium diet alone.
In Case 1, in which the rate of lead exc%ﬁtion wa.s
investigated, the total amount of lead excreted was
increased but not to anything like the same level as the

increase/
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inerease in blood lead. In Case 3, high calcium intake
and acidosis therapy were alternated several times. On
each occasgsion responses were obtained as evidenced by
changes in the blood lead. In Case 2, the blood lead
was hardly affected by ammonium chloride treatment although
the rate of lead excretion was increase@. This way be
explained by the fact that this subject had been exposed
to lead for only a short period and consequently his store o
lead would be comparatively low. Case 1l illustrates the
effect of potassium iodide upon the blood lead. In this
case also, the increase in blood lead was not accompanied
by a similaxr increase in lead excreted.

Changes in the excretion of lead as the result
of mobilisation were most marked in the faeces, the

urine being hardly affected.
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Case 1.

Lead burner (battery ﬁorks)
Male = 29 years.
Lead poisoning.

The investigations were carried out over an
extended period. Following high calcium intake for 14
days, the patient was placed on low calcium diet and
ammonium chloride for 9 days. TFollowing this, high
calciun diet was maintained. During the beginning of the
last peried, injections of calcium gluconate were given.
During the period of medication with ammonium chloride
and for 6 dsys before and after it, the excreta were
collected in periods of 3 days and the lead content
estimated. The lead content of the blood was estimated

at intervals. The results are shown in Charts la and 1b.
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Case 2.

Red lead worker.
Male -~ 32 years.
Lead poisoning.
This patient was treated similarly ?9 Case

1. The results are shown in Charts 2a and 2b.
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Case 3.

White lead worker.
Male - 66 years.
Lead poisoning.

This patient was placed on alternate periods
of high calcium intake and low calcium intake and
ammonium chloride. Finally he was maintained on
high calcium intake. The lead content of the blood
was estimated at intervals. The results are shown in

Chart 3.
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Cases 4, 5 and 6.

Lead workers with vague symptoms.
Males = 23, 33 and 56 years.
Increased lead absorption

The lead content of the blood of these
Patients was determined initially and then after a
period of high calcium intake. The results are shown

in Charts 4, 5, and 6.
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CASE 7.

Lead poisoning due to & lead contaminated drinking
water.
Female - 27 years,.

The effect of high and low celcium intake upon
the lead content of the blood was investigated. The
results are shown in Chart 7.

Cases 8, 9 and 10.

Increased lead absorption due to a lead contaminated
drinking water. |
Males - 34 and 7 years.
Female = 9 years.

The lead content of the blood was determined
initially and then after a period of high calcium intake.

The results are shown in Charts 8, 9 and 10.
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Case 11

Solder maker

Male

Lead poisoning

The effect of potassium iodide upon the blood lead

The result

investigated.

-

and the amount of lead excreted was
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The Lead Content of the Tissues in Increased

Lead Absorption.

Tigsues were obtained from 4 cases with
histories of abnormel exposure to lead and their lead
contents estimated. The results are shown in Table 12.

The lead content of the tissues of the second
case are within normal limits except rib which shows a
slight increase. The exposure was probably only slight.

In the other cases, all the soft tissues show
" marked increases., In bone, the most marked increases
are in rib and vertebra .

From an examination of 'mormal' tissues, one
concludes that the long bones have the greatest affinity
for lead. During life there appears to be an accumulation
of small quantities of lead, most of which is laid down
in such bones as femur and tibia but not in bones of
the structure of ridb and vertebra. ’Th@ probability is
that such lead is difficult to mobilise. When com-
paratively large quantities of lead are being absorbed
over a short period, it appears to be laid down in such
bones.as rib and vertebra rather than in tibia and femur.
This is probably due to their more vascular nature, and
it would appesr that such lead is comparatively easy to
mobilise. If it were possible to compare the total lead
content of an old person with no history of abnormal

exposure/
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exposure to.lead with that of a young person with a history
of abnormal exposure to lead and with active symptons of
plumbism, one might find little difference, the difference
between the two conditions being due to differences in
distribution, chiefly amongst the bones.

In a chemical examination of the tissues of a case of
suspected plumbiém we have in the past been inclined to lay
stress on the results obtained from the long bones. vThe
results obtained here indicate that the data obtained from

rib and vertebra are more importants
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The results are expressed in mg. Pb per

Sex.
Age.
Liver
Kidney
Brain
Rib
Vertebra
Femur
Tibia

Remarks

TaBLE 12.

kg. fresh tissues.

M M.
41 60
4.50 2.40
1.00 2.88
1.00 -

119.4 22.0
18.8 8.5

Painter Printer

(-

60
5,40
2.00
1.36
50.6
13.3
50.6
78.9

Metal
worker.

26.
714
4.62
5.08
52.1

52.1
53.3

Lead contaminat
drinking water.



The Excretion of Lead.

Kehoe et alisa (1933) have shown that after removal
from exposure to lead, excretion falls rapidly until levels
Just exceeding the normal are reached. The writer
considered that it would be of interest to determine the
rate at which recently absorbed lead could be eliminated.

The lead content of adult male mice was increased
by the method described already. The animals were then
placed on high calcium diet for 7 days to remove unabsorbed
lesd from their alimentary tracts and to produce a
transference of lead from soft tissues to skeleton. They
were then placed in separate glass jars, floored with
filter paper. Half of the mice were placed on high calcium
diet and the remainder on low calcium diet for a period
of 14 days. At the end of this period the animals were
killed aﬁd their total lead contents estimated. The lead
content of the material in the jars was then estimated.
After allowing for the lead content of the filter paper and
the diet consumed during the experimental period, the amoun
of lead excreted was calculated. From these figures, the
percentage of the original total lead that had been
elinminated, was calculated. The results are shown in
Table 13.

It will be seen that recently absorbed lead may
be eliminated very rapidly. On low calcium diet, about 60%

was excreted while on high calcium diet about 25% was excre
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Thapre 13,

-Lead Kzcreted in 14 days on Low and High Calcium Diels.

Low Calcium Diet.

Mouse No. 1. 2.
Total lead (mg.) . . . 0-105 0-150
Excreted lead (mg.) . . 0175 0-225
Original total lead (mg.) . . 0-280 0-375
Per cent. original total lead
excreted . . . . 625 60

High Calcium Diet.

Mouse No. 5. 6.
Total lead (mg.) . . . 0-193 0184
Excreted lead (mg.) . . 0-060 0049
Original total lead (mg.) . . 0-253 0-231
Per cent. original total lead
excreted . . . . 237 21-2

87.

e el el

60

oD O

19

3.
141
220
361

9

7.
- 289
- 068
<387

4,
0-099
0-198
0-297

667

8.
0-320
0-082
0-402

20-4



Discussion.

A method has heen described for the estimation
of lead in biological materials. It is specific for
lead and gives accurate results. An estimation may be
carried out quickly and as no complex apparatus is
required, it is very suitable for routine use. In the
hands of other workers it has proved successful. It
cannot be over emphasised that in work of this nature,
reliable data cannot be obtained unless the method of
analysis is satigfactory. Much of the earlier work on
the biochemistry of lead suffered from this defect.

It has been shown quite conclusively that lead
occurs in the tissues and excfeta of persons with no
history of exposure to lead other than the ‘normal’
hazard. The origin of this lead has heen discussed vizg.
food and lead containing dust. The distribution of lead
throughout the body is however uneven. The highest
concentrations appear to be situated in the skeleton but
even here, the distribution is uneven, for such bones
as femur and tibia contain higher concentrations than
rib and vertebra. Of the soft tissues examined, liver
was found to have the highest concentration. The
concentration of lead in the long bones appears to
increase with age whereas that of the other tissues is
unaffected. There appears to be a very slight retentioz
of/
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of lead throughout life, most of which is laid down or
stored in the long bones. All lead absorbed from the
alimentary tract must pass through the liver, where much of
it is trapped and excreted, thus protecting the other tissue:
Lead absorbed from the respiratory tract does not pass
directly through the liver and hence absorption from this
gite is more dangerous. The results indicate that as for
other metals e.g. iron and copper, liver tissue has a

marked affinity for lead. |

Lead is a constant constituent of blood. In the
normal, the range is narrow and similar ranges have been
obtained by workers in various parts of the World.

Lead occurs in the organs of foetuses, being
derived from the mother, presumably through the placental
circulation. This indicates that at no time is men free of
lead.

Lead has been found to occur in the excreta. This
is to be expected as it has been shown that foodstuffs,
drinking water and even the atmosphere contain traces of
lead. It has been state& that the excretion of metals such
as lead can occur through the intestine as well as the
kidney. This statement is sometimes difficult to prove
owing to the difficulty in distinguishing betweeﬁ unabsorbed
and excereted metal in the faeces. The writer, however,
bhas produced evidence to show that lead can be excreted

through the intestine and that the excretion by this route
may/
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may exceed that by the kidney. The kidney appears to
have no power of concentrating lead, as the lead content
of urine is much smaller than that of blood. Similar
results bave been obtained with iron and copper (later
sections).

Evidence has been presented to show that the
absorption of lead from the alimentary tract is influenced
by the composition of the diet. Absorption is high on a
low calcium diet and low on a high calcium diet. Reasons
have been put forward to account for this. Fat and vitamin
D appeared to have no influence. Absorption of lead was
increased very much when mineral acid was added to the
diet. This indicates the importance of the gastric acidity
in lead abgorption.

The effect of various agents upon the distributio:
of lead between the soft tissues and skeleton has been
studied. Low calcium intake, ammonium chloride, sodiunm
bicarbonate and potassium iocdide produce mobilisation of
lead, as evidenced by the high percentage of the total lead
present in the soft tissues of mice after treatment with
these. High calcium intake has the reverse effect. The
effect of sodium bicarbonate, ammonium chloride and
potassium iocdide was shown to be independent of the calcium
content of the diet. On high calcium intake, the gquantity
of lead present in the soft tissues could not be regarded
as being negligable and probably was quite capable of
producing/
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producing demage. The effect of the above agents upon the
lead content of the blood in men with histories of
increased exposure to lead was studied. Mobilising agents
produced marked increases in blood lead while high calcium
intake produced a marked fall.

In man it was found that mobilising'agents
produced much more marked changes in the blood than in the
excreta. The question of the wisdom of de~leading arises ¢
mobilisation may result in an influx of lead into the soft
tissves without a compensatory increase in excretion. On
the other hand, high calcium therapy mey leave non-
negligable amounts of lead in the soft tissues. The
obvious answer, is more stringent preventative measures.
It is suggested that de-~leading should never be attempted
without adequate laboratory control. This should include
frequent estimations of the lead content of the blood and
excreta.

It has been shown that in mice, after removal Lr
exposure to lesd, absorbed lead may be eliminated very
rapidly. Frequently persons with suspected lead poisoning
are not admitted to hospital for examination until sone
time has elapsed since the last exposure and as a result
the amount of lead excreted may not greatly exceed the
normal. Under such conditions, it cannot be assuwmed that
a comparatively low lead excretion suggests a mild exposur

References/
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References to individual susceptibility to lead
are often made. The writer believes that wmuch can be
explained by the biochemical knowledge that has accumulated.
Absorption of lead from the alimentary tract is influenced
by the composition of the diet and by the degree of gastric
acidity, both very variable factors. The ciinical condition
is influenced not by the total amount of absorbed lead but
by its distribution between the soft tissues and skeleton.
Low calcium intake, acidosis from metabolic disorders and
the indiscriminate use of such drugs as sodium bicarbonate
and potassium iodide will produce mobilisation. Such
factors must be taken into consideration when the question
of susceptibility arises.

Various procedures have heen used in the diagnosis
of plumbism ; 1. clinical, 2. haematological, 3.
radiological, 4. chemical.. Of these, the chemical examinati
produces the only evidence of increased lead absorption,
Chemical examinations have usually been carried ou£ on
isolated samples of urine and/or faeces. The writer conside
that chemical examinations should be much fuller., The
examination of the lead content of the excreta often gives
important information, but the collection should be made
while the patient is on a diet of known lead content. This
and the interpretations to be derived therefrom have been
discussed already. Of particular value, is the estimation
of the lead content of the blood. This gives inforumation

as/
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as to whether the lead is confined mainly to the skeleton
or 18 present in high concentration in the soft tissues.
In a case of plumbism the blood lead could be normel due
to conditions of diet ete. It is suggested that in a
cagse of suspected plumbism, in the event of the blood
lead being nbrmal, the estimation should be repeated after
the patient has been under one of the lead mobilisation
procedures. An examination of the lead content of the
excreta at the same time would give confirmatory evidence.
Lanza (1935) has suggested that a considerable amount of
mild lead poisoning occurs, much of which escapes diagnosis.
In view of this, the above technique appears to be Jjustified
There is no justification in making a diagnosis
of lead poisoning on evidence of increased lead absorption
alone, in fact the final diagnosis must remain with the
clinician. Clinical symptoms are often obscure.
Satisfactory conclusions can only be made through the
closest co~operation between clinician and biochemist.
Under natural conditions, lead occurs in food-
stuffs and animal tissues. The gquestion must remain open
as to whether these minute amounts of lead are accidental
or have some physiological function as in the case of

copper and cobalt.
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INTRODUCTION

(a) Iron.

The amount of iron in the body 1ls small but 1ts
functions are of the highest lmportance. It is estimated That
the iron content of an adult man or woman is about 3 g., most
of which 1s in the form of haemoglobin, There is no considerai
reserve of relatively inactive lron in the body, hence if the
intake fails to equal the oubtput, anaemla soon develops.
Investigations of iron metabolism have as a result been largel;
concerned with the study of haemoglobin formatlion and anaemia,
Iﬁ addition to resplratory functlon, there ls evidence that
iron compounds are concerned with a large number of other
blological processes,

It has long been known that iron is essential to the
nutrition of both animals and plants and that 1t is present
in the ash of such. A few decades ago 1t was assumed that iron
existed in the food as oxide or phosphate and that haemoglobiln
was formed by the combination of iron and protein. Results
obtained during the latter half of the 19th century threw
doubt upon the utillisation of inorganic iron for the productio;
of haemoglobin. It was belleved that iron salts when injected
acted as polsons and when glven by mouth were almost quantlt:
ratlvely elimlnated in the faeces. In splte of thls, ilnorganic
lron salts were used and found efficient in the treatment of

anaemia. To harmonise these views with clinical experience,
1% was suggested that inorganic iron might act by absorbing
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the hydrogen sulphide off the intestine and thus protecting the
food iron. Another view was that inorganic iron salts might
act by stimulation of the absorbing tissues [Bunge (1884), von
Hosslin (1882), Gottlieb (1891), Socin (1891), Woltering (1895,
Tartakowsky (1903, 1904):&.

Bunge examlined the iron present in a number of
foodstuffs and could detect but Wraces of inorganic iron., Fror
egg yolk he lsolated a compound containing iron which he callec
'haematogen' and regarded it as the precursor of haemoglobin,.

Bince the World War the question of iron absorption
has become very much clearer. It has been shown that inorganic
iron salts are absorbed and converted into haemoglobin wheress
iron compounds of the nature of haematin are not [Hart et allia
(L928), Elvehjem (1932)‘}.

mlvehJem and his co-workers found that the efficiency
of a foodstuff to cure nutritional anaemia in rats was dependen
on its l1lnorganic iron content. They estimated the inorganic
iron content of various foodstufis directly, by the uvse of

.c«x‘mdipyridyl {Flvehjem et alia (19%3), Elvehjlem et alia (1934)
Sherman el alia (1934)‘]. They found that as a rule, a large
part of the total iron Bf foodstuffs was in the inorganic form,

Following this work a large amount of research has
been concerned with the absgorption of iron from the alimentary
tract, humans belng used as experimental subjects. These have
indicated that upon a large intske of inorganic iron, the body
was capable of apsorblng large amounts and that it was not

subsequently excreted{ Hutehison (193%7), Brock (193%7),
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Widdowson and Mccance.(l937)] . In anaemia it has been
guggested that only a small amount of thls absorbed lron is
converted into haemoglobin.

It is generally agreed that inorganic iron to be
absorbed must be 1in a dialysable form and that absorption takes
place in the upper part of the small intestine. Lintzel (1931)
and Heubner (1926) state that ferric but not ferrous iron forms
non-ionigable complexes with proteins. As a result they bellev
that ferrous lron 1s absorbed easily but that ferric iron must
be reduced 1ln Tthe intestine prior to absorption. Whipple and
Robcheit-Robbins (1936), Hahn (1L937) and Brock and Hunter
believe that ferric iron can be absorbed as such, |

The gastric acldlty has been recognised as being a
very important factor in the assimlilation of iron, especlally
the food 1ron and it has been recognised that a lack of
secretion of hydrochloric acld in the sftomach 1s resgponsible fo
certain forms of hypochromic ansemia [Lintzel (1931),
Starkenstein (1934), Strauss (1934), Kellog and Mettier (1936),
Barer and Fowler (1937)‘].

The question of the iron content of the human diet
- has received attentlon., Studles have falled to show any
correlation between the toftal iron content of the diet, the

cbncentration of other constituents and the incidence of anaeml

(b) Copper.

Although copper as a metal has been known for

centuries, the importance of its compounds in blological
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activities in other than certain invertebrates has been known
only recently.

It has been known for a long time that copper 1s &
constituent of plants, Meissner (1817) béing probably the
first worker to note this. Barzeau (1830) noted the presence
of copper in plants and made dquantitative estimations.
Deschamps (1848) showed that a relationship existed between
the o pper in plants and that in soil and Chevreul (1868)
suggested That copper was digtributed widely in organic matter
Later work showed the universal distributlion of copper through:
;out the plant world and the suggestlon was made that 1t was
essential in plant metabolism as the highest concentrations
were found pregent in the more active parts e.g. young shoots,
leaves etc.{:Maquenne and. Demoussy (1920), Guérithault (1920),
Fleurant and Levi (1920),A8§rtrand (1920)jﬂ.

It has been known for axloyg period that certain
marine animals contaln considerable amounts of copper, Harlessc
(1847) detected copper in Eledone and Hellx pomatia and showed
that it did not exlst as a salt. Fredericq (1878) obtained a
copper containing protein from the blood of Octupus vulgaris
and although he wag the first to give this compound a definite
physiological function, earlier workers had suggested the
importance of a compound of this nature 1ln the blood of
invertebratesg:Blasius (1866), Bert (1867f} . Bince this
period a conslderable amount of investlgation has been carried

out into the chemical nature and physiologlcal properties of

the haemocyaninsg'Parsons and Parsons (192%), Begemann (1924),
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Redféld et alia (1926), Stedman and Stedman (1926), Hogben and.
Pinhey (1926, 1927)?]. The occurrence of different haemocyanin
ha s been established. The chemistry of the haemocyanins has
received attention but no copper compound of the nature of
haematin has been isolated EDhé}é'and Burdell (1919), Dhé}e'
(1920), Conant, Dersch and Mydam (1934) }.

An interesting copper compound is turacin, a plgment
Tound in the feathers of the South Africén bird, Turaco, and
was flrst described by Chureh (1869). It is believed to be a
copper porphyrin, Laidlow (1904) showed that haematoporphyrin
would comblne wlth iron and copper, the compound with the latte
resembling turacin, Fischer and Hilger (192%) have shown that
turacin porphyrin is probably uroporphyrin, a pigment excreted
in the urine of man in conditions known as congenital
porphyrinuria.

The distribution of copper in the Ltissues of higher
animals has only receilved serious attention within recent years
{ Bodansky (1921), McHargue (1925, 1926), Cunningham (1931) ].

The first definite evidence that copper 1s essentisl
in the metabolism of fTthe higher animals was oblained by the
Wisconsin workers who showed that it is necegsary for the
formation of haemogloblin, They fed young animals (rabbits,
rats etc.) with cows' milk, a diet which as well as being
deflclent in iron has a low copper content, and eventually an
anaemia developed. The administration of purified iron sal ts

produced no response until a copper salt was included also
{ Hart et alla (1925, 1927, 1928), Waddell et alia (1929) } .
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This work was confirmed by McHargue et alia (1928), Krauss
(1929), Titus et alia (1929) and Cunningham (1931).

Some workers have attempted to show that purified
iron salts were effective in curing this type of nutritional
anaemia E:Beard and Myers (197%1), Keil and Nelson (1931)-],
while others have suggested that elements other than copper
heve s gimilar effect {Titus et alia (1929), Myers and Beard
(1929, 19jl)tﬁ. All of this work has since been discounted.

A considerable amount of work has been done on the
relation of copper in the treatment oOf certain types of anaemia
in man,

A number of workers have presented evidence to show
that iron in combination with copper 1is more effective than
iron alone in the treatment of nutritional ansemla in children
{ Lewls (1931), Josephs (1931), Bloxsom (19%2), Caldwell and
Dennett (1932), Cason (19%4), Hutchison (1937) ]. These
results are not surprising as 1t has been shown that the copper
content of ordinary infant dletaries does not greatly exceed
the supposed requirement. Ramage, Sheldon and Sheldon (1933)
found reduced copper contenté In the livers of infants during
the nursing period and increased values as soon as they were
placed on a mixed diet. Parsons and Hawksley (1933’ and Mackay
(1933) are inclined to believe that copper defioienéy doesg now
play any important part in common nutritional anaemias in
bables in England, |

It has been reported that better results were

obtalned when certain types of anasemia in adults were treated
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with iron in combination with copper fthan with iron slone

{' Dwyer (193%0), Mills (1930, 193%1), Waugh (1931), Adamson and
Smith (19%1), Gross (193%2), Dameshek (193%), Wintrobe and
Biebe (193%), Machold (19%4) ]. Other workers have concluded
that 1n the treatment of the usual cases of anaemia in adults,
no advantage 1s gained by the inclusilon of copper in therapeuti
preparations of iron [Heath (19%3), Bethell et alia (1934),
Davidson and Leltch (1934J-]. It is generally accepted that
iron and copper are ineffective in pernicious anaemla.

Workers have found that iron in combination with
copper is effective in combatilng nutritional anaemia in sucklin
pigs{:Hart et alia (19%0), Hunt and Carroll (193%3%) ].

In higher animals 1t has been shown that copper has
- no influence upon the absorption of iron but influences its
conversion into haemoglobin [Cunningh&n (1931), Josephs (1932),
Blvehjem and Sherman (1932)] .

The quantity of copper in foodstuifs has received
considerable attention. No fioodstuff has been found free of
copper but great variations have been found, the figures
ranging from O,1 mg. per k.g. fresh celery to 44.1 mg. per kg.
fresh calf liver,

Copper catalyses the oxidation of sulphydril
compounds, Factors affecting this reaction have been studied
and thelr relation to blological activities discussed [ﬁatthaws
and Walker (1909), Harrison (1927), Warburg (1927), Elvehjem
(1930), Elliott (19%0), Summer and Poland (1933), Hellerman et

alia (1933), Bersin and Legemann (193%), Michaelis and Runstrom
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(1934)] :

The value of copper in the growth of higher plants
has been reviewed by Hoagland (1932), Felix (1927) and Allison
(1927) have improved the production of a lafge variety of plants
on peat soils by the addition of copper. It has been shown
' that the production of cytochrome in yeast necessltates the
presence oI copper as well as iron {Elvehjem (1931), Parsons

and Hickmans (1933) ].
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The Determination of Iron in Biologlcal Materials.

For the estimation of small amounts of iron such as
are present in piological materlals, several reagents and
methods are available. These may be enumerated ag follows:

1. Potassium thiocyanate - colorimetric.
2. Thiolacetlc acid - colorimetric [Iqons (1927)] .
3, olk1dipyridyl - colorimetric [Hill (1931)] .

Of these methods, the reaction between ferric iron
and potassium thiocyanate is probably the oldest, No reaction
occurs with ferrous iron. Various methods employing this
reaction are in existence. BGome wo;kers prefer to compare the
colours in agueous sgolution while othefs extract the ferric
. thiocyanate with amyl alcohol prior to colorimetric comparison,
Certain difficulties may be experienced., Pyrophosphates
depress the reactlon partially or completely. When it is
necegsary to ash organic materials contalning much phosphorus,
a wet digestion method in which an excess of sulphuric acid
is present at the end of the reaction is essential. ILlvehjem
(1930) has employed ignitlon to destroy organic matter but
heated the ash with alkali to convert pyrophosphates into
orthophosphates. Kennedy (1927) and Elvehjem and Hart (1926)
state that pyrophosphates are not formed during sulphﬁric~
percholoric acid digestion, but the writer has noted that
unless excess of sulphurilc acld is present at the end of the

reaction, they are liable to be formed. McFarlane (1932) has

shown that the depth of colour produced is influenced by the
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‘concentrations of thlocyanate and sulphuric acild present.

The reaction between iron and thiolacetic acid was
first described by Andreasch (1879). Lyons (1927) showed that
the reaction could be employed fto estimate small amounts of
iron. When thilolacetic acld 1s added to a solution of an iron
salt, ferric or ferrous, and alkall added, a purple colour is
produced, Lyons believed that when thiolacetic acld is added
to a solutioh of a ferric salt, a substance Fe [S.GHQ.GOOH %
i1g formed which ls ilmmediately reduced to FeE:S.OHE.GOOﬁ]g and
this . in alkaline solutlon gives an intensely colouredyion -
FeEjS.CHg.OOOi-j The presence of oxildising agents prevents the
formation of the colour due %o the formation of dithioglycollic
acid which does not glve the reaction. Lyons found that strong
bases produced rapld colour fading and that ammonia was the
most satigfactory to use,

| Lyons showed that the reactlon was uninfluenced by
. the presence of a large number of substances, both inorganilc
and organic. Hanzal (19%3) and Burmester (1934) have applied
the reaction to tne estimatlion of 1iron in biologilcal materials,

Hill (1931) has used oot'dipyrldyl to estimate iron
in biological materials. This substance reacts with ferrous
iron but not ferric iron to produce a red colour. Ferric salté
will react if a Peducing agent e.g. sodium hydrosulphite is
added.v '

The writ er wished to make direct determinations, if

poggible, of non-haematin iron in biological materials and it
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was considered that thiolacetic acld might serve thils purpose.
The range of the reaction was studied., A‘stanaard solution of
iron was prepared containing'0.0855 g. of lron alum in 1 litre
of 1% sulphuric acid (L ml, = 0.0l mg. Fe). Into a series of
tubes were measured, 0,001, 0,002, 0.003, 0,004, 0,005, 0.01,
0.02, 0.03, 0,04, and 0,05 mg, ¥e., These were diluted to 5 ml,
with water, 2 drops thiolacetlc acld added and then 1 ml,
ammonia, sp. gr. 0.88., It was found that in the tubes
containing 0,005 - 0,05 mg. Fe, the depths of colour were
gtronz enough to permit comparison in a colorimeter., On
comparison it was found that the depth of colour was proportlion
to the concentration. Although distincet differences in depth
of colour could be distinguished in the Hubes containing 0.00L .
0.005 mg. Ve, they were too wegk to compare in a colorimeter.
To estimate amounts of iron of this order, it has been found
best to use direct comparison with a series of standards in
standard tubes, The reaction has been found to be uninfluenced
by the presence of such substances ag amino acids, pyrophosphat
:es, cltrates ete.

A number of estimations of total iron have been made
in biological materials, The majority of these have been made
on mice and rat tlssues. 1In these, thiolacetic acid has been
used. Since the colour 1ls developed in a medium with an
alkaline reaction Interference from calcium phosphate, T
present, appeared probable. It has been found That precipitate
of calclum phosphate may be removed by centrigullsation and

accurate results may be obtained,
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In general, organic matter was destroyed by ignition
in a sillca dish over a bunsen burner under the same conditions
as that used in lead estlimations,

A few estimations of the iron content of urine and
egg have been made. In these, the thilocyanate reaction was
used, aé certain technical d&ifficultlies made the use of
thiolacetic aclid impracticable,

oAh-dipyridyl has been used as a test for ferrous
iron in certain sections of this thesls., It has been stated
that 1t 1s effective over a range pH 3.5 - 8.5, this has been

confirmed.
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Non-hsematin Iron.

It 1s generally recognised that iron exists in
biological materials in at least two forms (a) Haematin iron,
{(b) non-haematin iron, DNon-haematin iron has received
considerable attention within recent years,

In the hens' egp, nearly all the iron is located in
the yolk and many believe that 1t exlsts as an organic complex
with protein like properties. Thils complex was Tirst studied
by Bunge (L884) who named it 'haematogen', and regarded it as
the precursor of haemoglobin., Hugouneng and Morel (1905) found
that decomposition of 'haematogen' by aclids produced a black
pigment, containing 2.6% iron, which they called thaematovin',

Hill (1931) has submitted evidence to show that all
the iron in egg yolk 1s present as ferric iron, probably as
colloidal ferric hydroxide and that no organic complex exists,
He found that when abédipyridyl was added to a suspension of
egg yolk in an acid acetate buffer, no colour developed, but on
the addition of sodium hydrosulphite a red colour was produced
and determined the amount of 1ron present by comparison with a
standard, He found that the iron content of egg yolk as
determined by this simple procedure agreed with the iron content
estimated after ashing.

McFarlane (1932) found that lecltho-vitellin prepared
from egg yolk contained a falr percentage of iron which appeare
to be present in veryistable combination, He congluded that
part at least of the iron of the egg is present as an organic

complex,
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Additional evidence appeared to be necessary to
decide this point.

The contents of one egg were well mixed, treated
with an equal volume of 20% trichloroacetic aclid and filltered,
To 5 ml. of the filtrate were added 2 drops of thiolacetic
acld followed by 1 ml, ammonia, sp. gr. 0.88. No colour wag
produced., A known volume of standard lron solution was added
to another portion of the filtrate and the test repeated,

The depth of colour produced corresponded to the amount of
iron addeé, indicating that none of the constituents of the
filtrate interfered with the reaction,

To the contents of another egg some iron alum
solution was added and the proteins precipitated with
trichloroacetic acid as before., The filltrate gave a negative
reaction for iron,

The followlng experiment was then carried out.

Hh ml. of thiolacetic acild were added to the contents of one
egg and The proteins precipitated by the additlon of an equal
volume of 20% trichloroacetic acid. 1 ml. of ammonia, sp.gr.
0.88, was added to 5 ml, of the filtrate; a positive reaction
for iron was obtained.

A geries of experiments was then made in which the
iron content as estimated directly on the protein free filtrate
‘was compared with the total iron content estimated after ashing
Thé contents of an egg were diluted to 100 ml, with

water, 10 ml, of the mixture were taken, 2 ml. of thiolacetilc.
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acid added followed by 15 ml., of 20% trichloroacetic acid and
the volume made up to 30 ml, with water. The mixture was then
filtered. To 5 ml, of the filtrate was added 1 ml, of ammonia,
sp.gr. 0,88 and then comﬁared with a standard, prepared as
follows., To 2 ml. of standard iron solution (2 ml, = 0.02 mg.
Fe) were added 0.%3 ml. thiolacetic acid and 2.5 ml, of 20%
trichloroacetic acid and the volume made up to H ml, with watler,
L ml. of ammonia, sp. gr. 0,88, was then added. The results
obtalned by this method were compared with tThose determined
after ashing,

The results are shown in Table 14, At the same tlme -
the recovery of added lron was studied, using direct
determinations in a protein free extract, The results are
shown in Table 15, It wlll be seen that the iron content of
the egg as estimated by the two methods 1s the same within the
1imits of experimental error and that added iron could be
estimated quantitatively.

From the above investigations it would appear that
the iron of the hens' egg is the part of some organic molecule,
Added ferric lron behaves in exactly the same way therefore
one must conclude that the iron of the hens' egg is in a
gimilar state to ferric iron added to an organic mixture of
the nature of egg yolk. Thiolacetic acld has a reducing action
and one would assume that ferrous lron does not form such
strong combinations as ferric iron wilth organic compounds such

as are present in egg yolk. There seems to be little evlidence

to suggest that the iron of the hens' egg exists as the
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hydroxide.

Investigations were then carried out to determine
whether substances other than thiolacetlic acld were capable
of llberating XIron from egg yolk,

The yolk of one egg was dlluted to 100 ml, with
water, Four 10 ml, samples were treated as follows:

1. control -~ diluted to 15 ml, with water.

2., 2 mlL, thiolacetic acid added and the volume made up to
15 ml, with water,

%, 5 ml, of 4% sodium pyrophosphate added and the volume made
uy to 15 ml, with water,

4, 2.5 ml, of 5% sodium hydrosulphite added and the volume
made up to 1% ml, with water,

After standing for 5 minutes, 15 ml., of 20%
trichloroacetic acld were added and the mixture filtered. To
Hh ml, of the filtrate were added 2 drops of thilolacetic acid
followed by 1 ml. ammonia, sp. gr. 0.88. fThe depths of colour
produced were compared with a standard (0,015 mg, Fe), prepared
similarly. The Tesults are shown in Table 16.

Sodium pyyrophosphate and hydrosulphite were both
capable of liberating the iron of egg yolk quantitatively.
The latter is eifective because of its reducing actlon while
the former has the property of forming non-ionised compounds
with iron. Experiments were carried out in which sodium
glycerophosphate and citrate and dithioglycolllc acld were

used. The filtrates gave negative reactions for lron,
Invegtigations were then carried out to determine
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thetnature of the substances with which ferric iron forms
guch stable complexes,

Iron alum solutlons were added to milk, solutions
of sodium caseinate, gelatin and edestin and suspensions of
egg white and leclthin and samples treated in the same way
as the egg yolk suspensions described above.

Wlthin the limits of the amounts used, milk, sodium
cagelnate and egg white gave negatlive reactions for iron.
Lecithin; gelatin and edestin contained appreciable amounts
of iron which were allowed for., The leclthln suspension was
prepared by pouring an ethereal solution into boiling water.

The results are shown in Table 17. Tron was not
present in the control filtrates of mllk, leclthin or sodium
caselnate but was recovered quantltatively in the control
filtrates ol gelatin and edestin. Iron was present in
control filtrates of egy white but recovery was incomplete,
this belng probably due to ﬁraces of lecithin, Milk, sodlum,
caseinate and lecithin reacted similar To egg yolk. Although
ferric iron forms complexes with simple proteins, it must be
concluded from these results that compounds with phosphatides

and phosphoproteins are much more stable,
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The iron content of the hen's egg

mge. Fe per whole

egg
Thioeyanate Direct determination
method after in trichloroacetic
ashing acid extract
Whole egg

1. 0.92 0.90

2. 1.26 1.25

3. 1,00 0.96

4, L.27 l1.21

5e 1.25 1.17

Ge 1,11 1.18

Te .27 1.19

"41Yy.



1.
e
3e
4.,
Se
Ge

The recovery of iron added to egg and
determined by the thiolacetic acid

method in trichlorocacetic acid extracts

Initial iron

content
mg.

0.067
0,097
0.072
0.087
0.088
0,079

Table 15

P )

Iron added
mg.

0.088
0.070
0.070
0.088
0,088
0.088

Total iron

content

mge
0,153
0,159
0,136
0,174
O.l/2
0.160

Iron
recovere:
mnge

0.086
0.062
0.064
0.087
0.084
0.081



TasiLe 16

Tue 1RoN ConmTENT oF L &6 Yonk.

™G FE PER EM}-

Thiolacetic Sodium Sodium
acid pyrophosphate  hydrosulphite Control
1 1-28 124 1.22 Nil
2 1-24 1-18 1-26 Nil
3 0-96 0-99 1-00 Nil
4 1-10 1-12 1-17 Nil
5 1-16 1-12 1-10 Nil
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Recovery. oF

2101 0GiC AL MATERIALS.

1 9, lecithin
suspension

2 9 sodium
caseinogenate

Milk

Egg-white

2 9% edestin

2 9% gelatin

Iron added

lng.
010
0-05
0-10
0-05
010
0-05
0-10
0-10
015
0-10
0-10
0-15
0-20
010
0-15
0-20

_rgesLE | 7

Ferric iron.

Iron recovered (mg.)
A

IRON ADDED To VARICULUS

’ Sodium Sodiam
Thiolacetic pyro- hydro-
Control acid phosphate sulphite
Nil 0-099 0:097 0-096
Nil 0-052 0:064 0:051
Nil 0-096 0-102 0-105
Nil 0-052 00563 0-051
Nil 0:100 0-105 0-107
Nil 0-063 0-047 0-048
0-091 — — —
0-081 0-102 0-106 0-098
0-124 — — —_
0-078 0-106 0-107 0-103
0-:099 — _— —
0-145 — —_
0-193 —
0-094 — — —
0-144 —_
0-198 — — —
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The Dialysis of Iron Salts

The object.of the present experiments was to determin
some of the factors which might influence the dialysis of
inorganic iron from organic mixtures and their possible
relationghip to alimentary absorption.

In a previous section, the writer has shown that ferr
iron forms very stable complexes with substances of the natur
of phosphatides and phogphoproteins. Such stable complexes
are not produced with protein. It was considered that the
formation of such complexes might influence the rate at which
inorganic iron dialyses.

Parchment thimbles (Whatman) were used as dialysing
membranes. In each case 5 ml, of mixture, containing an
added iron salt (1 mg. Fe) was dialysed against 15 ml. of
distilled water for 4 hours. At the end of this period, the
iron content of the external fluid was estimated,

Egg yolk and egg white suspensions, containing added
iron (ferrous sulphate, iron ammonium citrate, iron alum)
were dialysed. Ferrous iron dialysed readily whereas the
dialysis of ferric iron was nil or negligable,

Under normal conditions, absorption of iron probably
takes place from the small intestine from a mixture of digest
protein. The reaction of such contents is probably acid,
Dialysis was investigated under similar conditions. Suspensi
of egg white and egg yolk were digested with pepsin and
hydrochloric acids These peptic digests, to which iron
(ferrous sulphate, iron ammonium citrate, iron alum) had been

added, were dialysed against distilled water. Ferrous sulpha
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dialysed readily. Ferric iron dialysed readily from peptic
digests of egg white but not from peptie digests of egg yolk.
Acid peptie digests of casein had the same effect as egg yolk
As these digests were acid in reaction, inability of ferric
iron to dialyse could not be due to precipitation as phosphat
The inability of ferric iron to dialyse is undoubtedly due
to the formation of strongly combined undissociated compounds
between ferrie iron and such substances as phosgphatides and
phosphoproteins or their degradation products.

Peptic digests of egg white and egg yolk were
neutralised by the addition of sodium bicarbonate and the
dialysis experiments, described above, repeated, Dialysis of
ferric and ferrous iron from egg white digests were little
affected by neutralisation. The dialysis of ferrous iron
from egg yolk digests was reduced very markedly by
neutralisations.

In a previous section it has bBeen shown that
pyrophosphates are capeble of liberating ferrie iron from ite
complexes with phosphatides etec. As a result, experiments
were carried out in order to determine whether pyrophosphates
were capable of increasing the rate of aialysis of ferric irc
The pyrophosphate was added as the sodium salt. In acid
peptic digests of egg yolk, pyrophosphate had little effect.
This could be due to the rapidity with which it is hydrolysed
to orthophosphate by mineral acids. Pyrophosphates increased
to a marked extent the dialysis of ferrie iron from

neutralised digests of egg yolk and from undigested egg yolk
and egg white.
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Dialysis of ferric iron from suspensions of undigeste
egg white was increased by the addition of acid.

Examples of the resﬁlts obtained from these dialysis
experiments are shown in Table 18a.

Similar dialysis experiments were carried out, using
lead acetate and copper sulphate (1 mg., Pb, 1 mg. Cu)e The
results indicated that these metals did not form strongly
combined complexes with phosphatides and phosphoproteins or
their degradation products. As a result one must coneclude th:
these substances should have no specific inhibiting effect
upon the absorption of these metals from the alimentary tract
Typical results are shown in Table 18be

Methods of Analvsis

Iron - directly with thiolacetic acid and ammonia

Copper - directly with sodium diethyldithiocarbamate (see late
section)

Lead - with dithizone after digestion with sulphuric and

perchloric acids
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" Table 18 a.

Dialysis of Iron.

Quantity of iron subjected to dlalysis - lmg.
The figures refer to mg. of Fe that have dialysed in 4 hours,

Undleoested egg white

Ferrous sulphate 0.56
Iron alum 0.00
Iron ammonium citrate 0,01

Iron alum + sodium

pPyrophosphate 0,28

Hge white digested with Pepsin

pH - 4.0
Ferrous sulphate 0.41
Iron alum 0.4L
Iron ammonium citrate 0.%8

Peptic digest of Mop White

neutrel lsed with sodium

bicarbonate
Ferrous sulphate 0,36
Iron alum .20
Iron ammonium citrate 0.19

Iron alum + sodium A
pyrophosphate 0.19

Undigested Beg Yolk

Ferrous sulphate 0.52
Iron alum Q.00
Iron ammonium cibrate 0,00

Iron alum + godium
pyrophosphate 0.26
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Lge Yolk dligested with Pepsin

pH - 4.1
Ferrous sulphate 0.56
Iron alum 0.03
Iron emmonium cltrate 0.03%

Iron alum 4+ sodium
pyrophosphate 0.03%

Peptic digest of Egg Yolk

neutralised with sodium

bilcarbonate
Ferrous sulphate 0.03%
Tron alum 0.00

Iron alum + sodium
pyrophosphate 0.20

Casein dlgested with Pepsin

PH - 4.2
Ferrous sulphate 0.3%9
Iron alum 0.06
Iron ammonium citrate ( S02.0L

Acidified undigested Kgg

White
PH - 400
Iron alum 0.2%

125,



Table 18 b.

Dialysis of Copper,

Quantity of copper subjected to dlalysis -~ lmg.

The figures refer to mg. of Cu that have dialysed in 4 hours.

Undigested egg white 0,00
Peptic digest of egg white (pH - 4.2) 0.38
Peptic digest of egg white

neutralised with sodium blcarbonate 0.05
Undigested egg yolk 0.04
Peptic digest of egg yolk (pH - 4.%) 0.38
Peptic digest of egg yolk

neutralised with sodium Dbicarbonate .04
Acidified undigested egg white (pH - 4.6) .22

Dialysis of Lead

Quantity of lead subjected to dialysis - lmg.

The figures refer to mg. of FPb that have dialysed in 4 hours,

Undigested egg white . 0.00
Peptic digest of egg white (pH - 4.2) 0,45
Peptic digest of egg white neutralised :
with sodiuwm bicarbonate 0,03
Undigested egg yolk 0.03
Peptic digest of egg yolk (pH - 4.5) 0.48
Peptic digest of egg yolk neutralilsed

with sodium bicarbonate 0.02
Acidified undigested egg white (pH - 4.6) 0.26
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Factors influencing the Absorption of Iron from

the Alimentary Tract

Little work appears to have been done regarding this
important problem. Results obtained from dialysis and other
experiments have indicated the probability that maiérials
containing phosphatides and phosphoproteins are likely to
interfere with the absorption of iron from the alimentary trac
This is of great importance as certain foodstuffs, ranking
high nutritionally, are rich in these e.g. egg, milk. The
writer has shown that lead absorption is dependent on the
calcium content of the diet. The probability is that the
absorption of iron is influenced in a similar manner,

In the first instant, the effect of phosgphatides
and phosphoproteins upon the sbsorption of iron was studied.
In these experiments, young female mice (aged 3 weeks) were
used. In general, the experiments were carried out under
similar conditions to those with lead. The diets, which were

of low calcium content, had the following compositions }
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Diet A

Ee
Whole wheat flour 300
Casein 200
Corn starch 325
Wheat gluten 50
Olive oil 40
Sodium chloride 20
Potassium chloride : | 15
- Butter 15
Diet B
| g-
Whole wheat flour 400
Corn starch 325
Wheat gluten 50
Olive oil 4.0
Sodium chloride 20
Potagsium chloride 15
Butter 15

The diets were fed at the rate of 2.5 g. per mouse per day
and contained supplements of iron alum (0.8 mg. Fe per mouse P
day). The duration of the experiments was 14 days. At the
end of this period the animals were placed on the diets less
added iron for 4 days to remove unabsorbed iron from their
alimentary tracts, killed and their total iron contents
estimated,

The animals were placed on the following diets,
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1. Diet A,

2, Diet B 4 1 ml. egg white per mousé‘per day,

3. Diet B 4+ 1 ml. egg yolk per mouse per day.
Control animals were killed at the commencement of the
experiment and their total iron contents estimated.

The results are shown in Table 19a and it will be see
that the presence of phosphatides and phosphoproteins in the
diet does inhibit the absorption of ferric iron from the
alimentary tract.

The experiments were repeated using iron pyrophosphat
The results, which are not reported in detail, agreed with th
obtained with iron alum. This was due probably to the hydrol:
of the pyrophosphate by the acid of the gastric Jjuice.

The experiments were repeated using ferrous sulphate
as the source of iron. These resulis are shown in Table 19b
and agree with those obtained with iron alum.

The influence of the calcium content of the diet upon
the ebsorption of iron has been examined., The diets used had
the following compositions ;

High calcium diet

e
Whole wheat flour 700
Whole milk powder 300
Marmite 50
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Low calcium diet

e
Whole wheat flour 400
Casein 100
Corn starch 325
Wheat gluten 50
Olive oil 40
Sodium chloride 20
Potassium chloride 15
Butter . 215

The diets were fed at the rate of 2.5 g. per mouse per day.
Adult male mice were used in the following experiment
The animals were placed on a) high calcium diet, b) low caled:
diet, to which was added iron (iron ammonium citrate) at the :
of 2 mg. Fe per mouse per day for a period of 21 dayse. The
animals were then placed on the diets less added iron for
4 days to remove unabsorbed iron from their alimenﬁary tracts
killed and their total iron contents estimated. A number of
animals of the same group were killed before the commencement
of the experiment and their total iron contents estimated.
The results are shown in Table 19c.
In this experiment, female mice, aged 3 weeks, were
useds These animals were placed on a) high calcium diet,
B) low calcium diet, to which had been added iron as iron
ammonium citrate at the rate of 0.8 mg. Fe per mouse per day.
At the end of 14 days, the animals were placed on the diets L
iron for 4 days to remove unabsorbed iron from their

alimentary tracts, killed and their total iron contents
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estimated. A number of eanimals of the same group were killed
before the commencement of the experiment and their total iro
contents estimated. The results are shown in Table 19c.

The results obtained indicate that the absorption of
iron from the alimentary tract is influenced by the calcium
content of the diet in the same way as lead. Absorption of
iron is high on a low calecium diet and low on a high calcium
diets The writer has shown that the addition of hydrochloric
acid to the diet increases the absorption of lead. It seemed
probable that iron would hehave in a similar manner, The
following experiment was therefore carried out.

Female mice, aged 3 weeks, were placed on ‘the high
calcium diet, containing 0.8 mg. Fe (as iron ammonium citrate)
and 0.5 ml. of N. hydrochloric acid per mouse per day for a
period of 14 days. The animals were then placed on the high
calcium diet alone for 4 days to remove unabsorbed iron from
their alimentary tracts, killed and their total iron contents
estimated. The results are shown in Table 19c¢ and indicate
that iron is absorbed more easily when mineral acid is added
to the diet., This experiment indicates the importance of the
gastric acidity in the absorption of iron.

In animal experiments, the subject usuélly consumes &
diet, every mouthful of wnich has the gsame composition. In
man, this does not occur. This point is often neglected by
workers in nutrition. TIn man the composition of the diet
should vary througnout the day. In view of the fact that the
absorption of essential constituents of the diet may be

subjected to mutual inhibition it seems apparent that the dail:
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diet should be so arranged into meals that mutual inhibition
is reduced to a minimum. To attempt to simulate this in
animals, young female mice were fed on the high and the low
calcium diets on alternate days together with added iron for
14 days. At the end of this period, they were placed on n.gh
calcium diet alone for 4 days to remove unabsorbed iron from
their alimentary tracts, killed and their total iron contents
estimated, The results are shown in Table 19d, It will be
seen that under sucn conaitions, iron sabsorption was good

and in addition, their growth was much better than in the oth

experiments.

Method of Analyvsis

The animal was ignited in a silica dish over a bunsen
burner, The ash was dissolved in water containing 5 ml.
concentrated hydrochloric acid and the volume made up to
50 ml. The iron content was estimated in an aliquot with

thiolacetic acid and smmoniae
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Table 12a

Young female mice (aged 3 weeks)
Added iron - 0.8 mg. Fe (iron alum)
Time - 14 days

- 100 g. mouse

Controls ‘ o
1 945 0,59 6.02
2. 11.0 | 0.67 6409
3. 9.0 0,59 6455
4. 10.5 0,71 6476
5e 10.5 0.71 6476
Ge 1Q.5 0.7 6476
7o Fe5 0.53 5457
8 9.0 0645 5.00
Average Q.62 825

Diet A

9, 14..0 0.63 4,50
10, 18.0 0.70 3490
11e 19.5 | 0.71 3.64
12 . 175 0.78 4,47
13, 16,0 0.78 4,38
144 12.0 0.64 5.23
Average Q.71 44,36
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Weight
Ee

Diet B -+ Egg yolk

15.
16,
17
13.
12,
20.
2l.

19,0
19.0
18.5
20.5
20,0
15.5
175
21.5
18,5
17.5
17,0
20.5
Average

Diet B -4 FEgg White

27
28.
22
30
3l.
32
33e
e
35e
36

17.0
17.5
14,5
14.5
13.5
14,5
14.5
1545
12.5
14,0

Total iron

{1 3%.

mge

0.683
0,67
0.79
0.82
0.78
0,73
0.65
0.73
0.70
0.59
0.71
0.78
0.71

0.90
1.06
1.00
1.06
0.91
0.89
0,93
1.06
0.91
0.98

Tron
mge Fe per
100 g. moust

3.58
3452
4,27
4,00
3.90
4,71
3.72
3439
34779
3,37
4,18
3.80
3.85

5.88
6.06
6.96
7.31
6470
6,10
6441
6484
724
7.00



Weight Total iron Tron

ge mg. mg. Fe pé:r'
100 g« mouse
37. . 16.5 Leld 7400
38. 12,0 1.10 6492
Average 1.00 680
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Female mice (aged % weeks)

Table 19 b

Added iron - 0.8 mg. Fe (ferrous sulphate) per day

Time -~ 14 days.

Controls

L.
2.
3.
4.
5e
6

L]

Diet B + HEgg white

Welght

29N

8.5
7.0
9.0
9.5

9.0
10.0

16,0
17.5
15.5
1%.0
11.5
12.5

Average

Total iron

mng .

0.44
0.5%
0.43

0.55

0.45

0,62
0.50

Average

1.20
1.15
1.03
0.98
0.80
0.86
1,00

136

mg .
g.

Iron
per 100
mouse

5.17
1.57
4.78
5.58
5.00
6.20
5.72
7.50
6.56
6.64
154
6.94
6.88
7.0L




Welght

g .
Diet B 4 Heor Yolk

13, 17.5

14. | 13.0

15. 15,5

16. 16.0

17. 13.5

18. 15.5

Total 1lron

Average

mng .

0.73
0.65
0,65
0.63
0.73
OL74

0.89

Iron
mg. per 100
g. mouse

4.17
5. 00
4,19
3.94
.41
4,77
4.58



Table 19 ¢

Adult male mice
Added iron - 2 mg. Fe (Iron Ammonium Citrate) per mouse per day

Time 21 days.

Welght Total iron lron

2. mg , mg . per LOO
g. mouse
Controls

1. %0 1,80 6.00
2. 24.5 1.67 6.54
3. 2L 1.26 6.00
4. 24.5 1.56 6. 54
5. 27 1.80 6.67
Average 6.35

Hizh calcium diet
6. 22 1.45 6.60
7. 19.5 1.14 5.90
8. 23 L.34 5.83
9. 18 1.54 6.56
Average 6.22

Low calctum diet
10, 23 2.03% 8.8%
11, 23.5 1.96 8.34
12. 24.5 2,0% 8.29
1%. 23% 2.35 10,22
Average 8.92
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Female mice (aged 3 weeks)

Added iron - 0,8 mg., Fe (Iron Ammonium Citrate) per mouse per

Time - 14 days

Controls

High calclum dlet

9.
10,
11.
12,
13,
14.
15.
16.

Weight Total iron
& mg .
10.5 0.53
10.5 0.54
10.0 0.68
10.5 Q.54
11.5 0.58
9 0.51
8 0.50
8 0,41
Average 0,.h1
11.0 0.75
14.0 0.61
9.0 0,70
8.5 0,63
9.5 0.71
11.0 0.83
11.0 0.83
9.0 0.69
Average 0.74
159,

Iron

v e

5.05
5,14
6.80
5.14
5.04
5.67
6.25
5,12

5.0

6.82
5.78
(.77
153
147
755
(55
7.66
Lo21

aay .

mg, per 100 g.
mouse




Low calcium

dlet

17.
18.
19.
20.
o1,
22.
23,
24,

Weight

& e nmg .
13 1.11
12 1.09
10.5 1,09

8 1.38
8.5 0.97
8.5 1.17
9 1.09
7.5 Q.90
Averasge 1,10

Total iron

High calcium diet and hydrochloric acid

25 .
26.
27.
28.
29.
30.
3L,
32.

11.0 1.09
11.5 1.01
10,0 1.10
10.5 1.00
9 1.05
8.5 1.08
8.5 Q.98
3 1,06
Average 1,04

S e

lron
per 100

. mouse

8 .54

9.08
10,78
17.25
11,41
13.76
12.11
12,00
12.04

9.91
8.75
11.00
9.52
11,66
12,71
11.53
1% .25

11.04




Table 19 4,

Female Mice (aged 3 weeks)
Added iron - 0.8 mg.Fe (Iron Ammonium Citrate)

Time -~ 14 days

Welght Total i1ron Iron
& mng. mg, per 100
. mouse

High and low calcium dlet on

alternate days

3%. 22 1,10 5,00
34, 16 0.70 4,38
5. 19 1.03 5.42
36 . pe 1.15 5.23
31, 17 1.00 5.99
38, 19 0.88 4.62
9. 17.5 0,88 - 5.00
40, 14, 0.92 5.67

Average 0,96 5.17
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The Reduction of Ferric Iron in the Alimentary Tract and its

Significance in Absorption

Many workers believe that ferric iron cannot be
absorbed as such but must be reduced to the ferrous state pri
to ebsorption., Tnis reduction is said to ocecur in tune small
intestine [Linizel (1931), Starkenstein and Weden (1930),
Reimann and Fritsch (1930), Moore et alia (1939)] « Other
workers believe that ferric iron can be absorbed as such
[ Whipple and Robsehéit-Robbing (1936), McCance and Widdowso:
(1937, 1938), Brock and Hunter (1937) ] . The evidence
presénted by both sides is conflicting. The former base theis
views on the following j 1. ferrie but not ferrous iron forms
non~dissociated compounds with proteins, 2. in the treatment
of anaemia, ferrous salts often produce a better response
than ferric salts. The latter base their views on the
following ; 1. in iron balance experiments, ferric iron
has béen found to be absorbed as easily as ferrous iron, 2.
in the treatment of anaemia, ferric iron often produces as
‘good a response as ferrous iron. Those who hold the first vie
have in no case indicated that reduction of ferric iron does
take place in any part of the alimentary tract. To examine ‘th
the following experiments were carried oute.

The effect of various foodstuffs, used in animal diets
upon ferric iron was examined. 1 mg. Fe' ' (iron alum) was
added to about 1 g. of the foodstuff suspended in sbout 5 ml.
of water and a little ==¢-dipyridyl added. =©t'-dipyridyl reac
with ferrous iron to produce a red colour but not with ferric

iron. In neutral solution, no reaction occurred but in acid

42



solution (pH 4 - 5) a number of substences produced a marked
reduction of ferric iron as evidenced by the production of a
red colour with <&(-dipyridyl. The substances capsble of
reducing ferrie iron in acid solution were,
whole wheat flour,
whole milk powder,
egg white (boiled and unboiled),
wheat gluten,
cows'! milk (boiled and unboiled),
commercial egg albumin ,
Casein, glucosge, lactose, egé yolk (boiled and unboiled) were
without effect. Peptic digests of egg white and egg yolk wex
then examined. An acid solution of egg white (pH -~ 4.2)
produced rapid reduction of ferric iron whereas after
neutralisation with sodium bicarbonate it had no effect.
Acid and neuiralised peptic digests of egg yolk had no effect.
The effect of those substances which had no reducing
action on ferric iron, upon ferrous iron was then examined.
With the exception of egg yolk no effect was observed. Ferro
iron allowed 1o stand "in contact with egg yolk became oxidiset
to the ferric state. This was shown by the fact that when
1 mg. Fe*t (as ferrous sulphate) was added to 5 ml. of egg yo:
the mixture would give no reaction for ferrous iron with
ol dipyridyl at the end of 1 hour. This had been suspected
since ferrous iron added to egg yolk suspensions could not be
recovered gquantitatively in trichloroacetic acid extracts as
would have been expected. The writer considers that the

phenomenon is due to autoxidation, the phosphatides being
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-responsible.

The reducing effect of certain Boodstuffs should now
be considered., The effect was most marked with egg white,
egg albumin and gluten, proteins which contain a high
percentage of eysteine. The writer considers that the
reducing action is in all probability due to the cysteine
molecule. In view of this, the reducing action of whole whea
flour should be due to gluten and that of milk to lactalbumin
The insbility of casein to reduce ferric iron is probably due
to ite low cysteine content.

Ferric iron was found to dialyse readily from acid an
neutralised peptic digests of egg white and from acidified
but not neutral egg white. The ready dialysis of ferric iron
from such acid mixtures is undoubtedly due to reduction i.e.
ferrous iron passed through the membrane. Dialysis of ferric
iron from neutralised egg white digests was found to be due
to the development of an acid reaction during dialysis. Ferr
iron was observed to dialyse from egg yolk and from acid pept
digests of egg yolke That this was possible is due to the fa
that autoxidation takes time, The writer believes that the
inability of ferrous iron to dialyse from neutralised peptic
digests of egg yolk was due primearily to its precipitation as
phosphate.

Simi}ar factors may be responsible for the fact that
added ferric iron may be recovered quantitatively in
trichloroacetie acid extracts of egg white ete but not from
égg yolk ete.

The absorption of ferrie iron as such would be hindere
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in fact one might say completely prevented by the presence of
phosphatides ete in the diet. It is probable that all protein
act in a similar manner unless reduction takes place. As to
the fate of the phosgphatides in the alimentary tract, very
little is known, they probably have a long survival, In addit:
bile will have a similar action owing td its lecithin content,
As a result the writer considers that under normal conditionsg
of diet, @bsorption of ferric iron as such is either nil or
negligsable,

Ferrous iron should be &bsorbed easily. The writer ha
produced evidence to show that ferric iron can be reduced in ti
alimentary iract, not in the small intestine as others have
suggested, but in the stomach. This has been confirmed in viwvt
Two rats were fed on a) boiled egg white + iron alum, b)
boiled egg yolk + iron alum, respectively and at the end of
two hours killed and their stomach and intestinal contents
examined for the presence of ferrous iron with obtf'- dipyridyl.
The animal that had been fed on egg white, showed the presence
of ferrous iron in both stomach and intestine very markedly
whereas in the animal that had been fed on egg yolk, no trace
of ferrous iron could be found in either stomach or intestine.

Ferric iron must be reduced to the ferrous state prior
to absorption, and as indicated, this can occur in the stomach.
This is influenced by two factors, 1) the gastric aéidity,

2) the composition of the diet. The diet should have a reducir
effect towards iron i.e, it should contain substances of the
nature of albumin. gluten etes The gastric acidity is of

importance since the reducing power of the diet only becomes
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effective at acid reactions,

When iron is administered along with food its fate
depends to-a large extent on the diet. If the diet is
predominately reducing then it will be immaterial whether the
iron is administered in the ferric or ferrous state since in
both cases an equilibrium mixture, predominating in ferrous
iron, of the same composition, will result in both cases. I
autoxidisable properties predominate then wnether the iron
is administered in the ferric or ferrous state, the final st:
of the iron will be ferric, If the diet is ‘'inert', then
ferrous and ferric iron will remain unchanged, the former
being absorbed and the latter note.

One is now able to obtain a clearer insight into the
results obtained from the animal experiments reported in the
previous section..

The low abgorption of iron by mice on a diet containi
egg yolk was no doubt due to the predominating autoxidation
properties of the diet., Oh egg white, iron absorption was
much higher, this would be due to the predominating reducing
properties of the diet. Iron absor@tion was poor on a diet
containing a large amount of casein, this probably being due
to the comparative inertiness of the diets It also becomes
apparent why similar results were obtained when ferrous iron
and ferric iron were fed on diets containing added egg yolk
and egg white.

Rose et alia (1934) and Sherman, Elvehjem and Hart
(1934) found that egg yolk produced very little regeneration

in nutritional anaemia in rats. They believed that copper

deficiepcy wag the primary factor although the former workers
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considered tnat there were other factors e.g. the form inwhic
the iron was present in the egg yolk.

The question naturally earises as to whether the iron
of the egg is available at all, that is wnetner the effect of
white predominates over the yolk or vice-versa. Experiments
were carried out to determine this. Peptic digests of unboils
and boiled whole egg were prepared. At pH 4 -« 5, a reducing
effect was observed, This was confirmed in vivo on a rat,
as described earlier, These results indicate that the effeet

the white does predominate over that of the yolke.
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The Non~Haematin Iron of Human Serum

and Plasm&

Meny writers.have estimated what they describe as the
non-haematin iron content of serum snd plasma. The following
results have been reported.

mge. Fe per 100 n

Starkenstein end Weden (1923) 0,57 = 0.79
Riecker and Winters (1930) 0.2 =~ 1.4
Locke et alia (1932) 0.06 = 0,12
Marlow and Taylor (1934) 0.4 = 0,7
Moore (1937) | 0,06 - 0,17

In these investigations the serum or plasma was ashed prior
to the estimation of iron.

The writer hag found that, sas in the case of egg yolk,
. trichloroacetic acid extracts of gerum or plasme gave negative
reactions for iron and added inorganic iron could not be
recovered in such extracts. As a result the following technic
was adopted.

To &5 ml. of serum or plasma were added 8 drops of
thiolacetic acid and 5 ml. of 20% trichloroacetic acld and
the mixture centrifuged. 1 ml., of ammonia, sp. gr. 0.88, was
added to 5-ml. of the supernatant fluids Under such condition
a definite reaction for iron was obtained and added inorganic
iron could be recovered quantitatively. As the depth of colou
was too faint to compare with a standard in a colorimeter,
the iron content was estimated by direct comparison with a
series of standards,

From the results shown in Table 20, it will be seen

that added inorganic iron could be estimated quantitatively
1 ¥8.



by this method. The iron content of 10 normal sera was
estimated and the results are shown in Table 21, the range
being 0.1l2 - 0,20 mg. Fe per 100 ml,

It would appear convenient to refer to the serum iron
estimated above as 'inorgamic' iron., After this work had bee
published, Fowweather (1934) published a paper in which he
reported the total iron content of human plasma, shown to be
free of haemoglobin. His range for total iron agrees with tb
writer's range for 'inorganic' iron. One is forced to concly
that the high figures reported by some writers must have beer
due to the use of serum and plasma in which there had been
considerable haemolysise.

The efféct of plasma upon the dialysis of iron salts
(iron alum, iron ammonium citrate, ferrous sulphate) has beer
studied. These were carried out in a similar manner to those
described in an earlier section. The results are shown in
Table 22 and indicate that whereas ferrous iron dialysed
easily, ferrie iron was almost non~dialysable,

To a sample of plasma,sk«-dipyridyl was added. A rec
colour did not develop until after the addition of sodium
hydrosulphite, this indicating that in the sample, the iron
was in the ferric state. A sample of serum (5 ml.) to which
had been added 1 mg. ferric iron, as iron alum, and a little
ool dipyridyl was acidified to give pH 4 - 5, A red colour
developed, indicating tnat on the acid side, the serum prote:
are capable of reducing ferric iron to. the ferrous state. TI
was rather to be expecled since the plasma proteins contain

a high content of sulphur containing amino acids. Barkan
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(lQZZ)-showed that plasma iron was not dialysable but became
so after incubation with 0.4% hydrochloric acid at 37° C for
24 hours. He used this as the bagis of a method for the
estimation of plasma iron. He egtimated the iron content of
an ultrafiltrate prepared from plasma that had been subjected
to the above procedure, He obtained values of 0,08 - 0,17
mg. Fe per 100 ml., which are in agreement with those obtaine
by the writer. This phenomenon observed by Barkan can be
explaeined by the results obtained by the writer,

The 'inprganic‘ iron content of sera from cases of
pernicious anaemia and enaemia following haemorrhage has been
estimateds The results are shown in Table 23. It will be
seen that the values are increased in the former and decrease

in the latter condition.
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Lable 20

Recovery of ferric iron added to

serum
mge. Fe
Initial Iron added Total Iron
iron recovered
0. 004 0.01 0.013 0,009
0.004 0.01 0,013 0.009
0.005 0.015 0.020 0.015
0.004 0.01 0,014 0.0L
0.005 0.015 0,019 0.014
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Table 21

The 'linorganic' iron content of normsl sera

mg. Fe per 100 ml,

0.20
0,18
0.14
0.14
0.18

O oo o~ G
-

10,

52

0.20
0.14
0.16
0.20
0.12




Table 22

Dialysis of Iron from Serum,

Quantity of iron subjected to dialysis - 1 mg,

The figures refer to‘mg. Fe that have dlalysed in 4 hours,

1 ng Fe (ferrous sulphate) 0,%0
1 mg Fe (iron alum) 0.01
1l mg.¥e (Iron ammonium citrate) 0,01
1 mg.Fe (iron alun) 0.30

and sodium pyrophosphate
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fable 23
The "inorganic' iron content of

human serum,

mg, Fe per 100 ml,

Pernicious Anaemia.

Hb, % Serum_Iron
1. 36 0.26
2. 60 0,21
3. 30 0.23
4. 51 0.32
Anaemisg following Haemorrhage
Hb, % Serum Iron
1. 30 0,05
= (3 0.09
3. 45 A 0.06
4. 43 0,06
b. 33 0,05
6. AQ 0.06
7. 38 0.04
5. 35 G.04
9. : 41 0.06

15



The Non-Haematin Iron of Whole Blood

a) 'Inorganic' Iron

Trichloroacetic acid extracts of whole blood were
prepared and it was found that they gave positive reactions
for inorganic iron but added inorganic iron could not be
recovered quentitatively. To estimate the 'inorganiec' iron
content of whole hlood, the following technique was used.

To 5 ml. of whole blood were added a) 5 ml. of wate:
and 8 drops of thiolacetic acid or b) 5 ml., of 4% sodium
pyrophosphate, & ml., of 20% trichloroacetic acid were then
added and the mixture filtered. Iron was estimated directl,
in the filtrate by the addition of thiolacetic acid and
ammonia. Inorganic iron, added as iron alum, could be
recovered guantitatively as shown by the results in Table 2

It has been found that thiolacetic acid attacks
haemoglobin slowly to produce 'inorganic' iron. The proces
is slow and the filtrations in the above method are
exceedingly rapid. Comparison was made between the results
obtained by the use of a) thiolacetic acid, b) sodium
pyrophosphate, to liberate 'inorganic' iron in whole blood.
The results as shown in Table 25, indicate that no
appreciable differences exist.

The ‘'inorganic' iron content of whole blood from a
number of men has been estimated. The results are shown in
Table 26, and range from 0.93 to 1.50 mg. Fe per 100 ml.

It will be obvious that these amounts of 'inorganie' iron
are present mainly in the red corpuscles.

Using the above method, Shorlands and Wall (1936)
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obtained similar results to those of the writer.

To a trichlorocacetic acid extract of whole blood
in which sodium pyrophosphate had been used to liberate
'inorganic' iron,ot’ dipyridyl was added &nd en immediate
red colour was produced. This could indicate that at least
part of the 'inorganie' iron of the red blood corpuscles is
in the ferrous state or it could have been the result of the
reducing action of the plasma when the trichloroacetic acid
was added., This result must be held in doubt although oneé
might expect that part at least of the iron in the R. B. C.
is in the ferrous state since they contain such reducing
substances as glutathione etce

b) 'Easily split Ir&n

Barkan (1927 - 19338) has estimated what he terms
the 'easily split iron' in blood, He regards 'easily split
iron' as the precursor of bilirubin. 'Rasily split iron'
has been estimated by a number of writers using various
methods 3
l. treatment of blood with hydrochloric acid at 37° C follow
by ultrafiltration and estimation of the total iron content
of the ultrafiltrate (Barkan),
2+ heating blood with 5N sulphurie acid and estimation of
the total iron content of a trichloroacetic acid extract
l:Starkenstein and Weden (1928)] R
3e heating blood with normal acid and estimating the total
lron content of a trichloroacetic acid extract [Mbore (1937

'Basily split ironf values are considerably higher
than the 'inorganic' iron values obtained by the writer.

‘Basily split iron' values appear to depend upon the method
1536



used e.g. lower values are obtained when hydrochloric acid
is used then when sulphuric or nitric acid is used E:MOOPe
(1937) ] .

The writer is of the opinion that much of the iron
that is included under the heading of ‘easily split iron'
ig derived by decomposition processes from haemoglobin
and as such is of no physiological or pathological
significance, More work is necessary before our ideas on

this subject are clarified,
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Table 24

The recovery of iron added to

whole blood,

nmg .

Initial Iron added Total iron Recovery.
0,020 0,015 0,073 0,013
0.020 0,020 0.042 G.022
0.020 0.010 0,030 0.010
0.026 0.010 0,037 0.011
0,026 0,015 0.043 0.017
0,026 0,020 0.045 0,019
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Table 2h

The results are expressed as ng.

Fe per 100 ml,

blood.,

A, -~ thiolacetic acid

B, -~ sodium pyrophosphate

1,3%0

1.34
1.14

N

. 1.40

15%.

1.29
1.33
1,11
1.38



Table 26

The 'inorganic’

of whole blood.

iron content

The results are expressed in

mg. Fe per 100 ml, blood.

1.14
1.06
0.93
1.36
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The Tron content of Urine.

Harlier wrlters hnave reported the presence of iron
in normal urine but more recent work has t@rown doubt on this,

Lintzel (1929) and Lanyar et alia (1933) state that
the iron content of normal urine does not exceed 0,0l mg., per
litre. Henriques and Koland (1925) obtained values of 0,08
to 0.3%32 mg. Fe per litre while Coong (1932) reported values
of 0,06 to 0.48 mg. Fe. pér.litre in the urine of pregnant
women. Later Marlow and Taylor (19%4) have obtained values
of 0,0% to 0.8 mg. Fe per litre in the urine of normal men.

To estimate the small amounts of iron that may be
present in wrine, speclal precautions must be taken, In the
present study, urine from normal males was used and was
collected in paraffin wax coated bottles. It was found that
a thiocyanate colorimetric method was the most sultable to
use and was ecarried out as follows,

A mixture of H0 ml, urine and 5 mil. concentrated
nitric aci& was evaporated almost o dryness in a pyrex flask.
5 ml, of concentrated sulphuric acid were added and the mixture
heated to remove nitric acid. 5 ml, of perchlorié acld were
“then added and the mixture heated until all the organic matter
weg destroyed. A blank was carried out at the same tine,
After cooling, the residue was diluted to 20 ml. with water,

4 ml, of 40% potassium thiocyanate added and the red ferric
thiocyanate extracted with % ml, of amyl alcohol. The amyl

alcohol layer was separated and compared with a standard
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prepared as follows., The standard containing 0,005 mg, ¥Fe
and 1 ml, concentrated sulphuric acld wasg diluted to 10 ml,
with water., 2 ml. of 40% potassium thiocyanate were added
and the red ferric thiocyanate extracted with 5 ml. of amyl
alcohol,

Although the purest chemicals that could be obtained,
were used, the blank was appreciable., Urine from 6 normal
males was examined, The colorimeter readings of the blanks
and the urines were almost the same, the iron contents of
these urines in no case exceeding 0.01 mg., per litre. The
results of Llintzel and Lanyar et alla were thus confirned,

The probability is that the other investigators neglected to
take blanks into account,.

Lanyar et alla found that no increase in the iron
content of urine resulted from the oral administration of
lron salts, Thils was repeated, iron ammohium cltrate being
administered in three cases, The results are shown in Table 27
and 1%t will be seen that the iron content of the wurine was

increased,
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LTable 27

The iron content of urine before and after the
administration of i1ron ammonlum citrate (90 gr. per day).

The results are expressed in mg. Fe per litre.

Case 1

Before iron treatment < 0,0L
(average of 3 days)

During iron treatment 0.52

(average of 5 days)

Case 2

Before iron treatment < 0,01
(average of 3% days)

During iron treatment 0.2

(average of 2 days)
/

Case 3

Before iron treatment < 0,01
(everage of 3 days)
During iron treatment. 0.42

(average of 3% days)
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The 'Inorgzanic! Iron Content of Human

Tissues.

The following method was adopted:

Some broken glass and 10 g, of finely cut up
tissue were ground up in a porcelaln mortar, 20 ml, of
4% sodium pyrophosphate were added and the grinding continued,.
The mixture was allowed to stand for 15 minutes after which
20 ml, of 20% trichloroacetic acild were added and the mixture
ground up. After a further 15 minutes the mixture was
filtered and the residue washed with 10% ftrichloroscetic
acid until the volume of the extract was elther 100 ml,
(Liver and spleen) or 50 ml, (other tissues). An aliquot
portion of the fiitraﬁe, containing about 0,0% mg. Fe, was
diluted to 5 ml, with water, 2 drops of thiolacetic acid
added and then 1 ml, of ammonia, sp. gr. 0.08. This was
compared wlth a standard prepared similarly.

AT the same tiwe, the total iron content of rib
and vertebra was estimated, Thls was carrled out on é
solution of the ash I1in hydrochlorilc acid.

The results are shown in Table 28. Of the soft
tissues, liver and spleen had the highest concentrations of
'inorganic' iron, which 1s to be expected. The 'inorganic!'
lron content of the spleen was falrly constant but that of
the liver showed great variations, This 1s to be expected

as the Lliver 1ls regarded as being the chlefl store for iron,
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The ‘inorganic' iron contents of the other soft tiséues were
low but comparatively constant, The iron content of such
bones as rib and vertebra wag high. These bones are very
vascular and much of the iron could have been present in
other than bone tissue e.g. bone marrow,

The dlstribution of iron throughout a number of
rats was determined. The results are ghown in Table 29, and
indicate that less than 14% of the total lron was present
in the skeleton, These figures are probably on the high
gslde as 1t was impossible to separate bone marrow. The
skeleton appears to have little affinity for iron and
therefore one must conclude that Tthe reserve iron must be

held mainly in the soft Tissues.
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Taewe 28

L ]
'HE INORGANIC jRON CONTENT OF

HUMAN TISSUVUES

The figures arc expressed in mg. Te per kg. fresh tissue (1) and in mg. Fe per organ (2).

Liver Kidney Brain Spleen Pan-  Verte-
Ay ————  creas bra Rib
(1. (2) L @ W (2) (1 (2) (1) (n (1)

1624 1786 101 24 — — 93-6 94 182 1286 1034
366 512 96 34 62 87 — —_— 10-8 1231 1476
692 1660 33 16 148 207 — — 70 1429 1195
506 759 92 30 76 106 — — — 134-0 1118
80-7 144-3 5-1 1-8 4:0 52 169-4 29-6 42 133-2 114-6
277 388 74 16 — — 1003 10-0 134 1674 1614
64-6 7.1 7.9 15 86 112 96-4 145 84  146:1 1518
714 1285 46 14 111 155 1646 230 67 126:0 111-0
45-6 684 54 16 146 197 84-5 89 84 1116  109-2
84:2 1389 84 2.7 84 108 1263 139 93 1364 1461
916 1246 76 30 11-2 134 1164 151 84 1543 1384
39-4 764 69 1.9 6-6 73 846 102 71 1214 1096
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Teble 29
The distribution of iron

" in the rat (mg.)

1. e Se 4,

Skin 1,05 1.16 1,08 1.00
Liver 0.87 0.92 1,17 1.06
Kidneys 0.2L 0.18 0.15 0,17
Spleen O.41L 0.71 0.35 0.53
Bones 0.93 0.82 0.80 ° 0.87
Remainder 3e25 368 2488 3460
Total 672 Tedl G438 Le23
% Total iron in '

the skeleton 13,8 10.9 12.6 120
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1THE ﬁETERMINATION OF COPPER IN BIOLOGICAL MATERIALS.

A.large nunber of methods have been devized and
used for the estimation of the small amounts 6f copper
present in blological matéerisls. Some wrlters have used
‘macro~chemic§i methods but owing to the large quantities
of material required, are generally unsatisfactéry. A
number of coldrimétric methods have been devlised and are
':as followss:-

1. potassium ethyl xenthate method,
2:,B13220xmeth6d (1926),;/"'
3; dieth&idithiocarbamahe method!iﬂallan and Henderson

('ié""z”g-)«-].

-Potéssium ethyl xanthate reacts wlth copper to
produce a yellow colour. In thé Bilazzo method, copper 1is
allowed to react with pyridine and potasslium thilocyanate, a
green colour belng prodqced. In the thlird method, copper
is allowed to react with sédium diethyldithiocarbamate, a
golden brown colour belng produced. Thils 1is a very sensl-
tive reaction, 1t belng possible to detect one part of
GOppér in ten millioﬁ.parts of solution.
| The accuracy of the Biazzo method has been question

ed by a number of writers [Ansbaeher et alla (1931), Walker
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(1930), Drabkin and Waggoner (1980)_J . A serious disadvantag
of the method is interference by iron j this necessitates
a preliminary separation of the copper. This method
has been used by the Wisconsin workers in their investigations
into the metabolism of copper.
McParlane (1932) appears to have been the firét

to use sodium diethyldithiocarbamate for the estimation of
copper in biological materials. He showed that the
sensitivity of the reaction was increased by extracting the
pigment with amyl alcohgol., The reaction is independent of
pH but iron interferes. McFarlane (1932) showed that
interference from iron could be prevented by carrying out the
reaction in an alkaline solution containing sodium
pyrophogpnates,

The writer has applied the reaction to the
estimation of copper in various types of biological materials
but in some cases modifications were found necessary or

advantageous.

Blood
As a preliminary a slight modification of
McFarlane's metnod for blood was used.

5 ml, of blood was digested with 5 ml. of
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concentrated nitric acid 1n a pyrex test tube In a bolling
water bath. Wnen'the contents were almost dry, 1 ml. of
concentrated sulphuric acld was added and the mixture heated.
Perchloric acld was added and the héating continued until
all the organic matter was destroyed;‘ The residue was
diluted to 10 ml. with water, 5 ml. of 4% sodlum pyrophosphat
added and the mixture made alkaline to litmus by the addition
of emmonia. 5 ml. of amyl alcohol were added followed by
0.6 ml. of 2% sodlum diethyldithiocarbamate and the mixture
shaken vigoféusiy{' TheAémyl alcohol layer, containing the
golden broﬁn copper complex, was separated and compared in-
akcolériﬁeter with a standard cbhtﬁining 0,0y mg. OCu,
prepﬁred simiiﬁfly. N

| The amyl alcchol extracts.contalned suspended
particles of water which were removed by filtration or by
centrlfuging. Satlisfactory results were obtained.

Locke et allia (1932) attempted to estimate copper
in human serum by applying sodium dlethyldithlocarbamate
directly to trichlorosmcetic acld extracts. The possibility
of estimating c09pérwﬁrectly in trichloroacétic acid extracts
of blood was Iinvestigated.

As a preliminary, the effect of varlous substances,

many of which occur In protein free extracts of blood was
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investigated. These substances, the nature and amounts
used being shown below, were added to 0.0L mg. Cu (as

copper sulphate) and the reaction developed as described

above.

Substance Amount used (mg.)
Glucose o
Tyrosine 1
Alahine : 5
Glutathlone C 10

',Thiolaéetic acid | 5
Urea - L 5
Glycine. l'_v,' | g 5
'Pbtagéiﬁm cyénide  | 10

With the exceptlon of potassium cyanide, none of the above
- gubstances prevented the quantitative development of the
reaction. No colour developed in the presence of cyaﬁide.
In the case of glutathlone and thiolacetic acid, on the
addition of the reagent no colour developed until the
contents of the tubes were shaken v;goroﬁsly after which
thé amyl alcohol extracts were found to match the control
quantitatively. This was dus prdbably to the reduction of
the copper to the cuprous state, which‘does not react with

the reagent, this being reversed on shaking with air,
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1 volume of blood, plasma or serum was diluted
with 3 volumes of water and 1 volume of 20% trichloroacetic
acld added. The mixture was filtered. To 25 ml. of the
filtrate were added 2 ml. of 4% sodium pyrophosphate and
the mixture made alkaline to 1itmus by the additlon of
ammonia. 5 ml. of amyl alcohol were added, followed by
0.5 ml. of 2% sodium dlethyldithiocarbamate and the mixture
shaken vigorously. The émyl alcohol‘layer was separated
end compared with a stendard, containing 0.01 mg. Cu,

h preparedggimilagly. | | ‘

“ Results obtaihediby:this method were compared
with those .obtained aftéffdéétructioh of the organlc matter;
The results are shown in Table 30.

it will be seen that copper present in the
trichloroacetic aclid flltrates reacts directly wlth sodium
dieﬁhyldithibcarbamate. The results obtained by the two
methods are the séme within the limits of experlmental error.
This indicates that the copper present in the blood is in a
comparativel& éimplé form. There were indications that the
‘00pper present Iin the corpuscles ls present, at least in
part, in the cuprous state. A

The results shown in Table 31 indicate that added(u

copper could be estlmated quantitatively by the secénd
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method.

Urine.

Urine contains a 1érge amount of calcium phosphate.
which tends to preclpitate in alkaline solution. To prevent
this, sodium cltrate was added. It was found that inter-
ference from iron was'prevented in alkaline solution.

50 - 100 ml. of urine were evaporated almost to -
dryness with & ml. of concentrated nltric acid in a Kjeldahl?

flask:. 2 ml. of concentrated sﬁlphhric acid were adaed and
the mixture heated until the niffic acid was driven off.
The remain&§f of the oféénic'matﬁpr was destroyed by the
additidn.of béféﬁléric”acid_énd;fﬁrther heating. The digest
| was diluted fo‘a known volume with water. TpAah aligquot,
containing sbout 0.0l mg. Cu, were added 5 ml. of 20% sodium
cltrate and the mixture made alkaline by the addition of
ammonie. & ml. of emyl alcohol were added, followed by 0.5
ml. of 2% sodium diethyldithiocarbamate and the mixture
shaken vigorously. The amyl alcoholklayer was separated
and compared in a colorimeter with a standard, prepared

similarly.

Paeces.

' Fof similar reasons, the technique used for faeces
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was simllar to that used for urilne.

| 1vg. of dried faeces was (a) lgnited in a silica
basin over a bunéen‘burner, or (b) digested with 5 ml. of
chcentfated éﬁlphuric acld and 15 - 25 ml. of perchlorilc
aclid to destfoy,organic matter. The residue was dissolved
Ain digtiiled water, contalining hydrochloric acid, and dilﬁted
to & imown volﬁme. An sliquot, containing about 0.0l mg. Cu, -
was taken fcf eanglysls which was carried ouf in the same way
as urine. |

To estimate the GOpper content of dlets the follow-
ing method was employed.

A half day sample of the dlet was dried and ground
up. 4an aliquot of thils was transferred to a silica basin and
100 ml. of 104 sodium phosphate added. The mixture was dried
aﬁd lgnited o&ef ﬁ bunsén burner. The ash was dlssolved 1in |
water containing hydrochloric acid and made up to a known
‘volume. An aliquot, containing sbout 0.0l mg. Cu, was taken
fof anaiysis which was carried out as for urine and faeces.

| To destroy organio matter, an ignition method was
' adopted because a large amount of materlial had to be used
as: the ash content was low. When samples of dilet were

ashed in silica dishes, low results and poor recoveries of
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added copper were obtained. Urine and faeces could be 1gn1té
under -similar conditions to give sccurate results. These
materlials usually gave a large ash residue whereas in the
case of diets 1t was small. When dlets were ashed, 1t was
found that inveriably the silica of the basin was attacked.
These difficulties were overcome by mixing the diet with
sodium phoéphate‘ﬁrior to ignition. Under such conditions
consistent reéults and quantitative recoveries of added coppe
were obtained. * A .

| | From the results shown in Table 32, it will be
seen thét coppér added tokuriné,(faeces and diets could be

. estimated quantitatively. .

Soft Tissues.

| dwing to the low ash content of éoft tissues, the

‘method sdopted was similar to that for dlets.

| It was decidéd to see whether copper could be
estimated directly in trichloroacetic acid extracts of soft
tissues as in the case of blood. The following method was
used., |

10 g. of finely cut tlssue was ground up with some

bfoken gless in a mortar. 40 ml. of 10% trichloroacetic

acld were added and the grinding continued. The supernataﬁti
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fluid was filtered and the residue washed with 10%
trichloroacetic acid until the requisite volume of filtrate
~ was obtalned. Extracts of liver tissue were made up to
100 ml. while extracts of other tissues were mede up to 50
ml. The final estimation ﬁas made directly, using 20 ml.
of extract, as described for blood.

The results obtained by‘this method were compared
with those obtalned after ashing. The results are shown in
Tsble 33. It will be seen that copper may be estimated
directly in triehléréaceticjaéid extracts of soft tissues.
~ The results cytéined bylthe‘twojmethods are the same within

the limlts of experimental error.

| Bone offers speclal difficultlies owing to its very
high calciﬁm phosphate content. A preliminary separation of
the copper 1s necessary. Many writers have attempted to
separate copper as the sulphide but this is time consuming
end liable to lead to difficulties. The following method
has been found to glve rapld and accurate sepsrations of
copper.

A sample of bone (30 - 40 g.) was ashed in a siliecs

basin over a bunsen burner. The ash was dilssolved in water
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containling hydrochloric acld and the volume made up to 250
ml: 50 ml. of the solutlon were introduced into a separating
funnel, sodium dlethyldithlocarbemate added and the mixture
extrected 3 times with ether, 25 ml. being used on each
occasion. The combined ether extracts were collected In a
digestlon flask and the ether evapérated off. The residue
was digested with 1 ml. of concentrated sulphurlec acld and
1 ml. of perchloric acld to destroy‘organic matter. The
residue‘ﬁas diluted to‘25 ml. wlth water and the copper

determined in en aliquot.

For similer reasons, the copper content of milk was
astimated by the same method as that used for bone.

From the results shown 1ln Table 34, 1t willl be
seen that copper added to mllk or solutlons of bone ash were
estimated quantitatively.

The method, as described, 1s specific for copper,
in so much that none of the metals that occur normally in
anlmal tissues and excreta and plant tissues interfere.
Blsmuth does lnterfere. DBismuth does not occur in animel
tissues and excreta under normal conditions but the metal
énd its salts are used therapeutically. Bismuth forms a

lemon yellow cdmplex which is soluble in amyl alcohol under
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the same condltions as copper. To be certaln that the colour
vin the amyl alcohol 1ayer s due to copper, after colorl-
metric comparison, the extract should be shaken with a solu-
tion of potassium éyanide. If due tO‘copper, the colour
will diseppear, if due to bismuth, it will remain. It is
obvious that an estimation of the copper cqntent of faeces
should never be made after oral sdministration of bilsmuth
carbonéte. Throughout this work, the writer has not been
troubled with blsmath. S

‘ It has‘beeﬁ fouﬁd tgat the depths of colour pro-
duced By amounts of copper-of"thenorder of 0.01 mg. Cu, |
proved véry‘sétiéfacfofy for colorimetric analysis. As a
result, throuéhout.this WQrk, a steandard contalning 0.01 mg.

Cu and amounts of unknown to conform to this have been used.
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T ABLE 30

The copper content of blood
| and serum
(mg. Cu per 100 ml.)
Comblete destruction-of the orgsnic matter.

Direct determination on trichloroacetlc acid filtrate.

Whole blood
-
0.174 ' 0.186
10.169 - 0.174
0.157  0.171
0.165 0.156
0.200 0.182
0.193 0.199
Sexum 4 B
0.256 0.263
0.204 0.205
0.238 . 0.235
0.220 0.229
0.196 0.204
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TABLE 31.
Recovery of copper added to
whole blood or serum
(mg. Cu per 100 ml.)

Initlal copper content

o I»

Copper added

1o

Total copper estimated

L

Copper recovered

Whole. blood

A

0;156

0.156
10.156
0.223
0.223
Seruam
A
0.245
0.245
0.217
0.217
0.217

B g
0.143 " 1“0.?39
0.286 0.435

. 0.429  0.683
0.143 0.378
0.286 0.500

B ¢

 0.143 0.378
0.286 = 0.526
0.143 0.361
0.143 0.356
0.286 0.490

179,

lw)

0.133
0.27¢6
0.427
0.155
0.277

1o

0.133
0.281
0.134
0.139
Q.2735



TAplLeE 32

REC-OVERY oF COPPER RADOED -To Ua:NE,

Faeczes ans Dyis

Initial copper Coppor Total Copper

confent added copper recovered
meg. mg. mg. mg.
Urine 1 0-216 (@) 01 0-301 0-085
()] 0-2 0-400 0-184
(¢) 0-3 0-530 0-314
2 0-160 (@) 01 0-262 0-102
(0) 0-2 0-368 0-208
{c) 0-3 0-454 0-294
Taeces 1 0-104 0-2 0-300 0-196
2 0-109 01 0-211 0-102
3 0-083 0-1 0-179 0-006
4 0-081 0-2 0-296 0-215
5 0-091 02 0-310 0-219
6 0-088 0-2 0-292 0-204
Diet 1 0-086 0-10 0-180 0:094
2 0-102 (@) 010 0-210 0-108
(b} 0-20 0300 0-198
{c} 0-40 0-506 0-404
3 0-096 () 0-20 0288 0-192
(b} 0-50 0-595 0-499
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—]—AE’LE S,

lHE CCOPPER CONTEMNT oF Ti18S8UES.

(mg. Cu per 1000 g.)

A : B
Determined directly
in trichloroacetic Determined after
Tissue acid extract ashing tissue

Liver 1 22-24 22-80
2 6-20 6-16

3 5-G9 574

4 4-94 5-06

5 526 5-10

Kidney 6 3-33 3-52
7 3-63 3-456

8 301 2-84

Brain 9 6-06 714
10 2-27 2-20

11 4-57 4-61

Spleen 12 1-40 1-38
13 1-16 1-16

14 2-27 2:18

Pancreas 15 4-00 3-79
16 1-06 2-06

17 2:22 2-20
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TABLE 34 .

Recovery of added copper

A Initial copper content
B Copper added
C Total copper content
D Copper recovered

Bone (mg.)

A B c
0.051 0.050 ." 0.106
0.061. 0.075  0.127
0.051 0.100 0.159
0.051 0.200 0.259
0.051 0.300 0.353

Milk (mg. per litre)

A
0.140
0.140

0.140

0.140
0.140

B g
0.100 0.246
0.200 0.342
0.300 0.448
0.400 0.541
0.500 0.648
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0.065

- 0.076

0.108
0,208

- 0.302

1~

0.106 .
0.242
0.508
0.401
0.508



The Copper Content of Blood.

The copper content of the blood has been estlmated

on many occasions. The following results have been reported.

HYuman whole blood.

0.113 - 0.114 mg.per 100 ml. - Schonheimer and Oshima (1929) .
0.185 - 0.210 mg.per 100 ml. - McFarlsne (1932)

Human serum or plasma.
0.124 mg. per 100 ml. - Warburg snd Krebs (1927)
0.056 - 0.075 mg.per 100 il. - Guillemet (1931)
0.08 - 0.695“mg; pér 100 ml.f— Locke et allia (1932)

Horse whole blood.

0.058 mg. per 100 ml. -~ Elvehjem et allia (1929)

Horse serum.

0.19. mg. per 100 ml. - Abderhelden and Mgller (1928)
0.09 mg. per 100 ml. - Locke et alia (1932)

0x whole blood

- 0.14 mg. per 100 ml. - McHargue (1925)

0.185 -~ 0.226 mg. per 100 ml, - MeFarlane (1932)
0x serum. |

0.058 - 0.082 mg. per 100 ml. - Guillemet (1931)

Pig serum.

>_O.194,mg. per 100 ml. - Warburg and Krebs (1927)
0.067 - 0.118 mg. per 100 ml., - Guillemet (1931)
Rabb;t serum.
0.104 mg. per 100 ml. - Warburg and Krebs (1927).

0.05 - 0.072 mg. per 100 ml. - Locke et alla (1932)
‘ - 183



It wbﬁld appéar that the copper content of the
blood of different species and even of individuels within
the same specles must vary wldely dr-most of the methods
are inaccurate.

Guillemet used a method In which the blood was .
‘ashed and the copper precipltated first as the hydroxide
and then as the metal by electrolysis. @henlﬁhe¢copper was
dissolved ig‘phosphomolybdic acid, a blué solution result-
ing and the'GOPpér estimated‘by~f1trating this solution |
witﬁ potassiﬁm.permanganafeﬁuntil,the blue colqur disappeér+~
ed. This writérjestimated'émounfé of copper of the ordef'qf
0.1 mg. by this method. Warburg (1927) utilised the fact
that copper catélyses the oxldatlon of cysteine to cystine
to estimate the copper content of serum. Using large
guantitles of blood, McHargueq(lgzs) and Abderhalden and
Mgller (1929) employed macro chemical methods. Elvehjem et
alia (1929) used the Biazzo method while Locke et alla (1932)
and McFariane (1932) used sodium diethyldithiocarbamate to‘A
estimate copper. |

The present writer has estimated'the copper
content of the blood of 21 normel males and 10 normal
females. The egstimations were made dlrectly on

trichloroacetic acid filtrates as described earlier. The
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results are shown in Table 35. The range, 0.185 - 0.229 mg.
Cu per 100 ml., 1s very narrow. These results agree with
thogse obtalned by McFarlane. Since this work. was published,
Sachs et alla (1935) have determined the copper content of
normal human blood but obtained a slightly lower range.

The question arises as to the distribution of
copper between the corpuscles and the plasma. .Gulillemet
- (1932) found much higher concentrstions of copper in the
plasma than in the whole blood in the ox, pig and dog.
Schindel (1931) obtéinéd higher values for the copper
céntent of the plasma than the‘cells In man. Elvehjem et
alia (1929) found more copper in the corpuscles than in the
plasma in defribinated horse blood. McHargue et alia (1928)
found more copper in the plasma than thé corpuscles In the
ox. The values obtalned by Elvehjem et alia snd Guillemet-
were much lower than those obtalned by the writer. The
figures obtained by Schindel weré of thelsame order as those
obtained by the writer.

Serum from clotted blood, plaéma from cltrated
blood and whole blood were exemined. The fesults are shown
in Table 36. It will be seen that plasma contalns slightly
higher concentrations of copper than corpuscles.

The copper content of whole blood and plasma from .
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a number of animals of different specles has been determined.
From the results shown in Table 37, 1t will be seen that

the ranges are of the same order as that in. man.
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Males

Females

1.
2.
S
4.
5.
6.
7.

9.

2.

de.

TABLE 55.

The. copper content of normal

0.187
0.197

0.220°

0.229
0.220
0.202

0.185

0.208
0,228 -

0.198

0.216

Human blood._

mg. Cu per 100 ml.

B+

‘9.
10.
11.
12.
13.
14.

5.
-6
7.

8.

0.194
0.198
0.222
0.189
0.219

- 0.194

0.192

0.196
0.188

0.196

0.214

(87

15.
16.
17.
18.
19.
20.
21.

9.
.10,

0.207
0.194
0.186
0.218
0.208
0.194
0.216

0.196
0.216



Table 36
Distribution of copper between corpuscles
and plasma (human)

mge. Cu per 100 ml.

Whole blood . Serum

1. d.184 0.197

2. 0.225 0.245

3. 0.174 0.183

4. 0.192 0.209

B. . 0.195 0.197
6. 0.210 0.217

7. 0.238 0.205

8. 0.202 0.220
Plasma

0. ©0.225. . 0.238

10. © o.e27 0.227

f‘11{,», © 0.208 0.227
12, 0.8 0.2

15, 0.220 . 0.236
14. 0.207 0.220
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TABLE 37
Thevéopper content of the whole blood and
| ~plasma of varioué speciesA
mg. Cu per 100 ﬁl.
Whole blood Plasma

© Sheep 1. 0.165  o0.72

2. o.er 0.156

B, 0.172 - 0.17¢2

4. 0.180 0.183

5. 0.166 0.161

ox 1. '-. 9;223 0.208

2, . 0.200  0.208

3. 0.190 - 0.180

4. . 0.180 7 0.190

o 5. 0.192  0.192

gig BETEE 10.1é1 | 0.191

g  0.165 0.161
5. . 0.168 -

4, 0.185 0.200

5. 0.16%7 0.185

Horse 1. | 0.179 0.187

2. 0.187 0.199

3. 0.208 " 0.208

4, 0.205 0,217
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Rabbit 1.
2.

S

4.

Guinesa

Pig:

5.

1.

5'0
4.

Whole blood

10.143
0.147
0.144
0.155
0.139
0.179
0.192

0.186
0.184
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The Copper Content of Urine and Faeces.

So far'énly_one investigation into the copper"'v
content of urine appears to have been made. Rebinowitch
(1933) obtained values of & trace to 0.41 mg. Cu per lltre
of ﬁrine. _He foﬁnd that the addition of copper to the dlet
produced'an;inbrease in the>00pper content of the urine.

In the‘present investigetion the copper content
of the faeces and daily diet was estimated as well as that
of the urine. The results are shown in Table 38. |

With the exception of Case No.l7, there was a
- balance between the Ilntske and output of cbpper.within the‘
iimits of experimental error. In Case No.l7 the intake.of
copper wasflow_and'there was & negative balance. From this
case one migthASéﬁ%é that the}minimuﬁ”émpunt of copper |
necessafyxtd preserve eqﬁiliﬁrium 1s of the order 0.7 mg.
Cu per day.

The copper content of a number of urlnes 1s'shown ‘
in Table 39, These figures agree closely wlth those obtalned

by Rabinowitch.
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S i atad A o

Casge

Normal
Fracture
Fracture
Hracture
Tracture
Fracture
Normal
Normal
Normal
Normal
Fracture

. Fracture

. Normal

. Amputation of leg

. Nephritis

. Nephritis

. Carcinoma of stomach

TAnLE 36,

Av. daily

excretion

of copper
No. of in the
days of urine
collection mg,
6 029
15 0-36
13 0-52
21 0-45
21 0-50
20 0-36
7 0-38
10 0-33
9 029
14 0-30
16 0-44.
20 0-22
12 0-21
18 0-18
8 0-32
8 0-16
8 0-11

192

Av. daily
exeretion
of copper

in the

faeces
mg.
2-60
1-98
1-88
2-08
2:15
2:08
2:18
2-07
2:00
1-93
1-70
1-83
167
1:56
1-24
1-00
0-52

Total
dadky
excretion
of copper
mg.

O R RO NS R RO IO 1D

— 1] 00 © b b DD e Ot
BRI RCREREER

Av. daily
content
of copper
in diet
mg,
2:72
244
2-44.
242
242
242
2-41
241
241
2-34
2:29
2-22
2:12
1-89
1:43
1.21
0-21



TamrLe 39. ’

THE COPPER CONTENT OF URINE.

No. of

cases Minimum  Maximum Average
1. Copper excretion in mg. per litre 16 0-08 0-48 0-18
2. Copper excretion in mg. per diem 24 012 0-52 0-28
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The Copper Content of Human Tissuesg.

Several wrlters have determlined the distribution
of copper in human tissues. Herkel (1930) obtained values
of 2.88 - 1.9 mg « Cu per kg. fresh iiver and ranged in
descending'Order'of concentration his results may be
summarised as follows: 1liver; kidney, spleen, pancreas and
bone. Cunningham (1931) found that the avérage concentration
of copperAin.three humen livers was 24.9 mg . Cﬁ per kg. dry
tlssue and ranged in descending order of concentration his
results may be summarised as follows: 1llver, kidney, brain,
pancreas and spleen. Other writers have obtalned similar
results [Schonheimer and Oshima (1929), Kleinmann and Klinke

(1930), Cherbuliez and Ansbacher (1930), Gordon and
Rabinowitch (1935)-1,

‘The majority pf distribution studies such as
these must almost necessarily be done on pathologlical
subjects. fIn certain pathologicgl conditions 1t has been
shown that the copper content ofithe liver 1s very much
increased - pigmented and non-pigmented cirrhosis of fhe
liver, yellow atrophy of the liver, and haemochromatosis

[Schﬁnheimer éﬁd Oshima (1929), Cherbuliez and Ansbacher’
(1930), Kleinﬁann}and’Klinke (1930), Herkel (1950)] . It

 [9$



 ﬁag been shown that the co@per content of foetal organé
are very much higher than in the adult [Kleinmann and . ’
Klinke (1950), Cunningham (1931), Sheldon and Ramage (1901)] .

~ The question of bone seems to have been neglected.

. Of the above writers, Herkel and Sheldon and ‘Ramage alone

have examined this tissue. -The former, as a result of two
analyses, obtaihed"values»of~5.7 and 4.03 mg.kper kg .,
while Sheldon and Ramage state that bone contains only a
trace of copper.

| Tissues ﬁeré obtalned from a number of cases post
mortem, and théir oépper contentS'estimated. The results”
are shown in Table 40 and agree with those obtained by
“other workers. Rib and vertebra contained comparatively
\high concentrations of c0pper butthese results are probably
h]gh due to - their vascular nature and the inability to
: separate bone marrow.

| The distrjbution of” copper betwean the soft tissues
and skeleton of 4“adult micg.was determined . .The results are
"shown in Table 41' én{i indicate thét no more than 15% of the
‘total copper was present in the skeleton. These results are
probably high‘due to the inébility to separate bone marrdw.5 
The skeleton must have llttle affiinity for copper and

reserves of copper must be stored'in the soft tissues.
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Tissues were obtalned from 4 foetuses and théir
copper contents estimated. The results are shown in Table
' 42 and indicate that the copper contents of the livers were

mich: increased.
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THE COPPER GONTENT oF HumMhaN TISSUES

Liver
(1) (2)
3-09 3:40
9-09 12:99
6-59 15-82
5:43 8-14
4-86 875
374 5-24
2:96 326
5:46 9-83
794 11-81
3:16 521
4-44 6:04
6-12 11-97

1937

Tasre 40

Kidney

~

(1) )
2:27 054
236 083
382 101
367 125
2:566 082
212 0-44
291 102
342 102
2:16  0-69
28¢  1-11
301 084

Brain

-

(1) (2)
227 3-18
4-57 640
316  4-42
2:16 281
3-96 5:44
4-84  6-54
2:22  2:84
304 365
324  3-56

|

—
[
—
—
3
-~

L
L

RO e RD R
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coc00000
NN M DNWLD
oo wmoero

Pan.
creas

M
2:10
1-96
2:20

246
2:36
2-08
222
2-86
2-54
2:16
2:04

bra.

(n
2:83
1-63
2:84
213
4-88
3:40
1.81
2-96
304
2:91
1-84
4-16

The figures are expressed in mg. Cu per kg. fresh tissue (1) and in mg. Cu per organ (2).
Verte-

Rib
1
6-40
32-06
8-85
4770
10-21
371
402
9-81
21-62
1461
9-45
8-61



Table 41

Distribution of copper in the mouse

Weight (g.) =~ = &2 33.5 29.5. 35

Séft tissues {(mg.) 0.085 0.078 0.068 0.073
Skeleton (mg.) 0.016 0.012 0.008 0.010
Total copper (mg.) 0.100 0.090 0.076 0.083

% Total copper in
Skeleton 15.0 12.5 10.5 11.9
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Table 42

The copper‘coﬁtent,of the tissues

of human foetuses

mg. Cu per kg. frésh tissue

2
1.06

48 .6

1
Brain 1.25 .
Liver .55.6
Kidney 7.6
Femur 1.06

5.26

1.26

3
0.90
47 . 4

1096

1.16

40.3

2.06



Factors'influencing‘the Absorption of Copper,

from the Alimentary Tract

The wrlter has shown that the absorption of both
iron and lead from.the alimentary tract is influenced byl‘
the caicium-content of the dlet. It has been shown also -
that the additlion of acid to the dlet increases the
absorption of these elements. It seemed highly probable
tnat.ﬁhe.absopption of copﬁer-from the alimentary tract is
governed by siﬁilar factors. The purpose .of the following~ {
(exﬁefiments was to confirm this. Dialysis eiperiments )
 have 1ndica£¢d’that the absorption of copper should not
be special}y?inhibited‘by‘the presence Qf'phosphoproteins 
or phoé?hatides as 1n thé‘cése of ferf;é iron. -

| "Thgifollowiﬁg_basic diets;'fed atvthé rate of
2.5 g. pqr'@dqﬁévper dey, wefgigsééfﬁhfoughout these'
'?éxpériméﬁﬁé:an& ﬂéd'fhe fbllowaﬁg ééﬁpoéitiohé:

‘ Bow calcium dlet

. g,
Whole wheat flour 400

Casein 100
Corn starch 325
Wheat gluten . B0
Olive oll 40
Sodium chloride 15
Potassium chloride 15
Butter 15
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High calcium dlet.

£ .
Whole wheat flour 70O
Whole milk”powder 300
Marmlte B0

In the first experiment, adult male mlce were
placed on (a) low calciuﬁ diet, (b) high calcium diet,.
(¢) high calcium diet contalning 0.5 ml. of N. hydrochloric -
ecid per mouse ber day, to which had been added copper (as
copper sulphate at the rate of 2 mg. Cu per mouse per day
:~ for)ﬁ period of 21 da&s. At the end of this period, the
| mice were placed on the high caleium diet aloﬁe for 4 days
to remove unabsorbed copper from their alimentary tracts,
killed and their total GOpper contents estimated.

_In the second experiment, young female mice’(aged

‘;5 weeks) were placed on (a) low calcium diet, (b) high

'f caleium diet, (c) high calelum dlet containing 0.5 ml. of
h N; hydrochloric ‘acid per moﬁée per day, tﬁ which had been
added copper_(as copper sulphate) at the rate of 0.8 mg. Cu
per mouse per day for a.period of 14 days. - At the end of
this period the animals were placed on high calcium dlet
alone tolremoﬁe unabbqrbed copper from théirlaiimentary

tracts, kllled and thelr total copper contents estimated.
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The fesults are shown ln Table 43, and it will be
seen that they are very simliler to those obtalned wlth lead.
Théj indicate that absorption of copper is highest on a low
caelcium dlet and is influenced by the gastric acidity. Even
. under. apparently optimum conditiﬁns, one must conclude that.'
either the absorption‘of COerr is low or else the retaining
power of the tissues l1ls low. Undér similar conditions, lead

appears to be much easler absorbed and retalned.

M
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Table 43
A

Adult male mice - 2 mg. Cu per mouse per day
Period - 21 days.

Welght = Total copper Copper

g mg ‘ mg.per 100
: v T g. mouse.
Controls - -
1. 19 0.031 0.16
2., 25 0.031 - 0.12
3. 20  0.033 0.7
4, ‘21 0.029 . 0.14
5. 19 0.031 . 0.6
6. 24 0.023 0.10
7. 16 | 10,025 ~0.186
- 25 0,025 0.10
, o  Average - 0.14
Low éalpiuﬁvdiﬁt o S . 4
e, 2l -~ 0.062° 0.29
10. 19 0.040 0.21
11. 21 0.062 0.25
12, 19 0.048 0.25
15, 15 0.046 0.31
14. © 20.5 0.050 0.24
15. 21 | 0.054 0.26
16, 18 0.062 0.33

W —

Average 0.27
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Welght
S

High calcium dlet

17.
18.
19.
20.
21.

22,

25,

19.5
21
18.5

- 23

22 15‘
18.5
20

Total copper

mg.

~0.032

Average
High calcium dlet and hydrochloric acid.

0.038
0.028
0.039

0.033
0.029

0.034

.24,

26.
26 .
A
28.
29.
30.
31.

. 24

25
25.5
22.5.
25.5
28
23
21.5

0.062

0.065

. 0.071

0,080

Average

0.081
0.048
0.057
0.081

z 0%

Copper

mg.per 100°
g. mouse
0.16

0.18

0.15

0.17

0.14

0.14

0.17

0.16

0.28
0.27
0.30
0.22
0.32
0.21
0.24
0.37
0.28



B

Female mice (3 weeks) = 0.8 mg. Cu per mouse per day
Period - 14 days.

Welght Total copper ACOQQer

g - - mg. , mg.per 100
» - g. mouse
GControls | o ~
1. . 9.5 0.027 0.28
2. 9 0.025 0.26
5. 8.5 0.025 0.29
4. 8.5 © 0.020 | 0.24
- 5. 7.5 . 0.016 - 0.21
| . Average 0.023 0.25
ﬁowcqloiqm diéF‘ ) s ' .
6. . 16 © . 0.063 0.39
. 14 . 0.4 0.5l
8. | 10.5 ‘,_i‘ 0.036 0.54
o. 13  0.042 0.52
10, 14  0.042 - 0.30
11f‘ 14,5 ~0.100 | 0.69
12, 15.5 0.046 ' 0.34
13. 13.5 0.048 0.36
' Aversage 0.0b63 ' - 0.38
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Welght Total copper - Copper
g WE ‘ mg.per 100
' g. mouse

High calcium dlet

14. 14.5 0.028 0.19
15. 14.5 0.031 . 0.21
16. 13.5 0.029 f 0.22
7. 16 0.030 0.19
18, 17 0.051 0.18
19.  12.5 ~ 0.025 | 0.20
| Average 0.029 | . 0.22
 High éalcium'diet and hxdrochloric acid.
g0l 14 0,051 0.36
el.. 125 0.085 0.2
28.  14.5 - o.048 0.35
25.  12.5 0.062 0.42
24. 15.5 .  0.040 : 0.30
25. 13.5 0.048 0.36
26. 15 o042 0.32
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The_Copper Content of the Blood in Certain
| Conditions.

Increased copper content of the blood has been
| reported in pregnaﬁcy[iWarburg and Krebs (1927), EKrebs (1928)
‘Locke et aliak(1952) ]. The'normaI‘Values obtéined by these
workers'were)véry much 1owef«than those obtained by the
writer. ‘The copper content of blood from women in varlous
stages of pregnency was esfimated and the results are shown
~ 1n Table 44. ’
| it willwbg.seen that the copper content of the
blood is increased in pregnancy, the ingreaéé occufring
chiefly in the last three mgnthsf ‘Diéckmaﬁn and Wegﬂef
(1936) have sﬁdwn ﬁhaﬁ’ip Qfegnaﬁcy, aithough there is a
sliéht decreésé‘iﬁ Ehe haemoglobin %, there is a 1argé‘_
ihcrease:inublaodtvblumé.: Thé éobﬁef content of the orgeans,
' espécially the liﬁer 1s much increased. in ﬁhé fostus. Either
or both of theselphenoﬁena are probably connected with the
increased blqod cOpper in pregnancy.

Warburg anderebs‘(lQQV) have reported increasés‘
in the copper content of the sefa'bf plgeons with anaemia
‘due to haemorrhage. Sheldon and Ramage (1931), using a .

spectrographic methbd, noted in an examination of 28 humén
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blopdé that the strongest lines due toACOpper were in a
case of carcinome and a case of ansemia due to haemorrhage.
Locke et alla (1932) reportéd increases in the copper‘
content of the serum in carcinoma but decreases in anaemias.

The oopper content of blood from cases of anaemia
has been estimated and the results shown in Table 45.

A marked increase in blood copper was observed in
-many‘of those conditions assoclated with an anaemla;
obstructive jauhdice, acholuric jaundlce, hyperthyroldlism,
_1eukaemia, afﬁer haemorrhage. There Were no increases in
pernicious anaemla, Wheré anaemie was assoclated wilth
carcinomé, there were increases with the exception of one
case which shoﬁed a‘éub~nofmal value. Thils case showed by
Kbalance experiment that there was a daily loss of 00pper
(Case 17 - pagel92 ) Inla»sgries.qf cases of anaemia
ass_ociated with nephritis, the bioéd copper ‘was increased,
normal or deereased. These increases of blood copper are
undoubtedly assoclated with incredsed regéneratiom of blood.
This large iﬁflux of copper into;the blood stream could be
derived ffom otﬁer tissues or by an increased retention,
probably the former. Sub-normal values are probably due
tb a negative copper balance and would suggest that the

administration of copper salts would be beneficlal.
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Atﬁthé cbncluSion_éf'this'work, a paper by Sachs
et alla (1935).appeared whicﬁ confirmed all the results
reported here. These w%iters'could not offer any explana-
- tion for the low blobd coppe£~vaiues in anéémia associated‘:
with nephritis; o

| The éopper coQtenf‘of the blood Was estimated
~during treatment 1ﬁ_5 cases of post haehorrhagic anaemia,'
From the results shown in Table 46, it will be seen that
there was & fall towards normality. j
| " In obétructive jaundice, cirrhqsisiéf the'liVer,L
hyperthyrbidism,'myxbedema, pneumonia, diphtherila, diébetes
"méllitusg;cgrcinOma'apd nepﬁritiserheﬁ*théreuwas no anaemis,

~ the blood.copﬁér wésihdrmal; '
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Toble 44. B
"The copper éontent of the blood
in pregnancy
mg. Cu per 100 ml.

4 months' pregnancy.

1. 0.200
2. 0.2587

5 - 6 months' pregnancy.

3.  0.216
4. 0.228
5. 0.228
6.. 0.232
7.  0.246
8. 1 0.255
9. 0.284
10. 0.363

7 months' pregnancy.

11. 0.204
12. . 0.255
13. 0.286
14. 0.286

2i0.



8 months!' pregnancy.

ot term.

15.

16.

17 .

8.

19.
20.

21,

- 220

23 .

24,

25. X
éé‘
27

28 .
29.
0.

' 31.

32.
55.
34,
35.

0.250
0.367

0.229
0.244
0.250
0.250
0.250
0.258
0.259

L 0.:259

10.280

0.286

0.290
0.294
0.521
0.333
0.359
0.559
0.366

- 0.366

0.380

4.



Table 45,

The coppér content of b;ood(
In anaemileas

mg. Cu per 100 ml.

Acholuric jaundice

1. 0.301

Myeloid leukaemisa
| 2, 0.311
3. 0.505

© Lymphatic leuksemia

4. . . 0.275

‘Garcinoma of the Breast

5. 1 0.245
6.  0.204
7. 0.290
8. : 0.290

" Carcinoma of‘the‘C6lon

9. 0.290

Carcinome of the Prostate

10. 0.289

Carcinoma of the Stomach

11. 0.158

212,

48

32

25

519

o2
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Qbstructive jaundice

12'

15.

After haemorrhage

Nephritis

14.
15,

16,

17.
18.

19. -

20.

21,

2.
83 .

24, o

25.
26.

27.
28.
29.
30.
31.

- &

0,333
0.253

0.267

0.330
0.288
0.320
0.388
0.400

- 0.204

1 0.400

0.420

0.340.

C 0,360

0.370

0.320

0.246

0.177

0,177

0.200

0.240

48
45

75
59
44
43
42
a2
40

38
58
55

30

68
68
65
65

65



Nephritis

52. .

55,
34 .

35.

56 .
a7,
38

0.275
0.196
0.176

- 0.147

Anaemlia

. Pernicilous

46 .

47 .

0.275
0.227
0.16%7
0.2156
0.218
0.325
0.152

0.309

0.136

0.133

0.212
0.215
0.223
0.208

-0.223

214

0.227

45
45
44
54
50
48



'Case 1.

Blood copper

vpCase 2
Hb %

" Blood copper

Case 5‘
Hb %

Blood copper

46

Table’

40
0.29

67

0.22

57

. 0.8

- 42

0.21

68

0.20

61

0.18

25

45 50

0.22 0.21

75

‘74
0.19

78
0.19



Discussgion

The writer has shown that ferric iron but not ferrous
iron forms very stable compounds with substances of the nature
of phosphatidés and phogphoproteing, Whether such stable
compounds are formed with simple proteins is debatable.
Failure to realise this in the past, has resulted. in the
isolation of iromn containing compounds, many of which have
been designated as haemoglobin precursors. Iron which can
be extracted with trichloroacetic acid with or without the
aid of thiolacetic acid, sodium hydrosulphite or sodium
pyrophosphate and cépable of direet. estimatiom with thiolaceti
acid in such extracts has been degignated as 'inorganic' iron
to distinguish it from haematin iron. It has been considered
that this is eppropriate since inorganic iron salts added to
biological materials react in a similar manner. A simple
method for estimating the 'inorgenic' iron content of biologic
materials has been described.

Evidence has been produced to show that ferric iron
as such is not gbsorbed from the alimentary tract and that all
iron that is absorbed is in the ferrous state. It has been
shown that reduction of ferric iron can occur in the stomach.

The following factors have been shown to influence the
absorption of iron 3

1. gastric acidity,

2« the calcium content of the diet,

3s ‘the oxidation -~ reduction potential of the stomach
contents as determined by the diet.

The gastric acidity is important in two respects,

2 i



1) it aids solution of the iron, 2) it is necessary for the
reducing action of the diet, if any, to take effect. Lack of
gastric acidity has been held respongible for the hypochromic
anaemia which often occurs in achlorhydria. Ferric iron would
not be &absorbed under such conditiong but ferrous iron should
be absorbed if the diet does not contain substances that
produce autoxidation and substances e.g. phogphates, that are
liable tp precipitate iron.

The calcium content of the diet has a marked effect.
The effect is similar to that produced with lead and is
probably of similar cause. During the first few months of
man's separate existence, hig diet consists solely of milk.,
Milk is deficient in iron and as a result, a store of iron is
laid down in the floetus, chiefly in the liver, to suffice for
this period. Milk is not the best medium for iron to be
absorbed from, owing to its high calcium content. The writer
suggests that Nature in her wisdom realiges this and instead
of secreting milk of a high iron content to the detriment of
the mother and much of which would be wasted, has laid down a
store in the foetal liver.

It has been shown that babigs fed on cows' milk,
develop an enaemia which is more severe and develops earlier
than those on human milk !:Mackay (1931), Fullarton (1937) ] .
It has been suggested that human milk contains a higher iron
content than eows' milk and that it is more easily absorbed.
The writer considers that this may be explained. Human milk
differs from cows' milk in two respects, 1) lower calcium

content, 2) higher lactalbumin content. Both of thege factors
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should produce a better absorption of iron, ‘the former by
producing a lower buffering action and the latter a more
reducing mediume.

Attempts have been made to determine ‘the minimum )
amount of iron necessary in the dally diet [Snerman (l938)l
and the relationship between diet and the incidence of
anaemia [Dawidson et alia (1933)-] « All have failed.

The writer considers tnat it is impossible to state any
particular quantity of iron as being a minimum as the degree
of iron absorption depends on the otner constituents of tne
diet. The same applies to itne othner investigation.

Workers in nutrition usually consider human
requirements in terms of the daily intake, The writer has
shown that absorption of essential substances may result in
mutual inhibition. As a result, & daily diet should be plann
inte meals in such a way that mutual inhibition is reduced to
a mimimum. One could even go a stage further and plan a meal
into courses sincé it is well known that food tends to layer
in the stomach in such a way that digestion and absorption of
one course is independent of another. This is of particular
importence in the case of growing children in which the
requirements are large.

A large number of iron salts, both ferric and ferrous
have been used in the treatment of hypochromic anaemias. The
may be administered on an empty stomach or after a meal. The
advantage of the latter is that their passage through the
intestine will be delayed and absorption should be greater.

When administered after a meal, it should be immaterial
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whether ferric or ferrous salts are used, provided that the
diet contains iron reducing substances and hydrochloric acid
-secretion is normal, The latter can be remedied 1f defective
by the administration of hydrochloric acide It 18 an obvious
advantage that the diet should have predominating reducing
properties, | '

Although ferric iron appears to be capable of dialysia
readily in the presence of pyrophosphates, this does not appei
to be of any physiological importance.

'Tnorganic'! iron has been shown to be digtributed
throughout the tissues. The iron content of the skeleton is
low and therefore its capacity as a reserve for iron is
negligable. The highest concentraiiong were found in spleen
and liver. In the former, the iron is derived probably from
haemoglobin of broken down R. B. C. while in the latter the
iron will be derived from this source snd from absorbed iron.
The 'inorgenic' iron content of other tissues were found
to be low but fairly constant. The liver is usually regarded
as holding the greater part of the iron‘reserves but the fact
should not be neglected that no inconsiderable amount may be
held in the soft tissues at low concentrations j the importan
factor is quantity, a point often neglected. The 'inorganic!
iron content of plasma is low and is considered to represent
trangport iron. The 'inorgeanic' iron content of the R. B. C
is higher. ITIte function is obscure.

The tissues, especially the liver, are said to have
a great affinity and retaining power for iron in that iron

from the haemoglobin of broken down R. B. C. is not excreted
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or only excreted with difficulty. MeCance and Widdowson (19
have stated that recently absorbed iron is only excreted with
difficulty and then in the urine and not by the intestine.
Thet go so far as to suggest that other metals are not excrei:
by the intestine. With regard to iron, the writer has no
results to contradict this but considers that their statement
is probably incorrect since it has been irrefutably shown
that both lead and copper are excreted by the intestine, in
fact it appears to be the more important path of excretion.
The great affinity of the tissues for iron is due probably

to the fact that much of the iron is in the ferric state

and that phosphatides are distributed widely throughout the
body.

A simple method for the estimation of copper in
bioclogical materials has been described. It has been shown
that copper is extracted guantitatively from tissues by
trichloroacetic acid and in such extracts reacts directly with
sodium diethyldithiocarbamate. Copper occurs in all tissues
including blood. The quantity of copper in the skeleton
is small and therefore the capacity of this tissue to act as
a reserve of copper ig negligsble. The highest concentration:
of copper were found in the liver ; this organ is usually
regarded as holding the greater part of the copper reserves of
the body.

'It has been shown that the absorption of copper from
the alimentary tract is influenced by 1) the degree of gastric
acidity, 2) the calcium content of the diet. During the first

few months of man's separate existence, his diet consists

22D



solely of milk. Milk is deficient in copper and as a result,
a store of copper is laid down in the foetus, chiefly in the
liver, to suffice for thig period. Milk is not the best medit
for copper to be @bsorbed from, owing to its high caleium
content. The writer suggests that Nature in her wisdom
realises this and instead of secreting milk of high copper
content, to the detriment of the mother and much off which
would be wasted, has laid down a store in the foetal liver.
After weaning, the diet should contain a much higher copper
content. Undoubtedly during this period poditive copper
balances are necessary. Absorption of copper depends on ‘the
composition of the diet., Remarks have been made as to the
importance of arranging the daily diet into meals in such a
way as to obtain maximum ebsorption and minimal mutual
inhibition, Similar remarks may be applied to copper.

During periods of inereased haemoglobin formation
there will be ipcreased demands for 'inorganic'! iron. This
will result in a flow of iron from the reserves to the site
of haemoglobin formation. Such iron must be carried by the
blood stream, the plasma probably being the chief carrying
agent. The plasma iron appears to be in the ferric sgtate and
as such non-~dialysable. It seems probsble that at some period
it becomes dialysable i.e. it becomes reduced to the ferrous
state, before it can be utilised. It is however useless to
speculate on such problems whthout experimental evidence. Thi
aspect of iron metabolism has been sadly neglected and the
writer congiders tnat research along these lines may produce

very fruitful results.
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The iron content of urine under normal conditions is
low and ig probably connected with the low plasma iron and the
fact that it appears to be in the ferric state. The iron
content of the urine ig increased after oral ingestion of
iron salts. The copper content of urine is comparatively higk
This is probably comnected with & comparatively high plasma
copper and the fact that copper is more easily dialysable thar
iron.

It has been proved definitely that copper catalyses
the production of haemoglobin from 'inorganic' iron. The
exact role of copper is however unknown. It has been suggeste
that an intermediate compound between copper and a porphyrin
like substence is formed but there is no definite evidence.
At the present time there is no experimental evidence to
indicate how copper acts. We have however the fact that in
hypochromic anaemias and in the later stages of pregnancy,
periods of increased haemoglobin formation, the blood'copper
is in general increased very much. As a result, the writer
is off the opinion that the copper effect probably takes place
in the blood itself.

There nas been much controversy as to whether the
administration of copper is essential in anaemias in man.
None of these studies appear to have incluced any estimations
of blood copper. Tbe writer considers that such estimations
might throw some light on the problem, The prevalence of
low blood coppers in snaemias associated with nephritis
requires explanation. The writer consgiders that this indicate
a copper insufficiency, this being due probably to the nature
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of the diets used in tne treatment of nephritis.

Very 1little is known as to the fate of haemoglobin
except that the iron is held tenaciously by the tissues and
tne porphyrin part of the molecule is excreted in the bile
as bilirubin. Numerous workers ~[Barkan (1925 - 1937),
Starkenstein and Weden (1930), Moore et alia (1939)] have
concerned tunemselves with what they describe as the 'easily
split' iron of tne blood. It 1is located in the corpuscles.
Barken and Scnales (1937) believe that this is derived from
so called pseudo-haemoglobins which they regard as
intermediates i1n the decomposition of haemoglobinh. The write:
1s inclined to the view that it is an artifact. Estimations
of 'easily split' iron involve drastic treatment of blood,

a most complex mixture, with acid at high temperature. No
worker has shown that haemoglobin is not attacked under such
circumstances. The writer has been working on the problem
recently and although the work has not been completed, has
obtained sufficient evidence to show that haemoglobin does
decompose under such conditions.

Haemochromatosis, although a rare condition, has
received considereable attention. Of particulat interest, is
origin of the large deposits of iron in the soft tissues,
especially the liver. A considerasble amount of work has been
done on the subject and has been reviewed by Sheldon (1934).
It is now considered that these large deposgsits of iron are du
to a positive iron balance over a long period. The tissues,
especilally the liver, generally show an increased copper

content. Mallory and his co-workers (1925, 1931) have
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attempted to show a relationship between copper poisoning
and haemochromatosis. This viéw is not accepted.

The many riddles with which we are confronted are due
to our very incomplete knowledge of the fundamentals of iron
metabolism. Tt is strange that although the importence of
iron in respiration has been known for a long period, so littl
is known sbout the physiological processes in which this
element is involved. This lack of knowledge is probably
responsible for our inability to understand the rdle of copper
Methode of approach to these subjects have been very similar,
It appears to the writer that different and more variable

methods of appreach are required,
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Lead, Tron and Copper

Contrasts and Comparisons
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Iron, copper and lead are representatives of the
heavy metals and although the interest in the two former
is chiefly physiological and in the latter chiefly
toxicological, it is of interest to compare and contrast
them biochemically in so far as our knowledge permits.

All three exist in two formg of different valencies
iron in the divalent and trivalent states, copper in the
monovalent and divalent states and lead in the divalent and
tetravalent states. We know that the two forms of iron may
be found in animal tissues and diets and in the case of
copper we have evidence that although the divalent form is
more general, the monovalent form may be found in certain
situations e.g. the R, B. C. There is no evidence to sugges
that lead exists in biological materials in anything but the
divalent state. The pogsible differences in physiological
action of two forms of a metal witn different valencies
should not be overlooked.,

Under normal conditions, the humen diet contains
congiderably more iron than copper and considerably less
lead than copper. Marked differences may be observed in the
capacity of the body to absorb and retain these. Lead
appears 1o be most easily absorbed and retained and because
of its toxic properties, it is just as well that it exists
in normal diets in small quantities. The absorption of the:
three metals appears to be dependent upon the calcium
content of the diet and the gastric acidity in the same way.
The absorption of iron is complicated by the fact that
ferrous iron is absorbed but not the ferric form. This
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necessitates a reducing mechanism in the alimentary tract.
Lead appears to be most easily retained., This is probably
connected with the fact that whereas the skeleton has &
great affinity for lead, it has little affinity for iron
or copper. The liver has a marked affinity for all three
metals.

Lead and copper probably exist in animal tissues
in comparatively simple forms but iron exists in various
forms, some simple and others complex e.g. haemoglobin,
ferric complexes.

Lead and copper appear to be fairly casily excretec
the intestine being important in this respect. Iron on
the other hand does not appear to be és easily excreted.
'This is probably due to two reasons, 1., much of the body |
iron is present asg haemoglobin, 2. the distinctive properti
of ferric organic complexes.

The kidney is usually regarded as & concentrating
organ. Although iron, copper and lead are present in urine
their concentrations are much lower than in plasma. Two
causes probably contribute to this. In the first place,
these metals are probably circulating as metallie protein
complexes which are poorly ionised and as a result the
concentration of metal in the glomerular filtrate will be
representative of the ionised part only and in the second
place no concentration occurs during passage through the
tubules.

The mobilisation of lead under the influence of

various agents is unique and ig connected with its deposit]
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in the skeleton. In this reépect it resembles calcium.






