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Assessment of the usefulness of emission spectrography for compara-
tive analyses of six elements, Cu, Fe, Mg, Mn, Mo and Zn, in rat
liver has been made. It has uncovered the presence or absence of
differences in the concentrations of these metals in livers between age
groups, animals on different diets, pregnant animals and male animals
with normal, regenerating and tumourous organs. A discernible trend
in concentrations of certain elements from the embryonic tissue to that
of the adult animal emerged. In some instances the abnormal and re-
generating materials appeared to carry lower or higher amounts of the
element compared with normal livers. With molybdenum, the livers of
embryonic, newborn and young animals had low concentrations, slowly
increasing; the results obtained with older animals formed a higher
level rugged plateau.

COMPARATIVE analyses of normal and abnormal tissues or cells for
organic constituents and for levels of enzyme activities have been carried
out over a number of years in many laboratories'. Estimation of nucleic
acids, proteins, amino acids, lipids, carbohydrates, vitamins, coenzymes,
hormones, etc. have been undertaken in embryonic, regenerating, adult
and corresponding tumourous material. While so far usually only
quantitative and not qualitative differences between the contents of
various comparable tissues have been found, these observations are
helping towards a greater understanding of the biochemistry of growth,
development and cancer.

More recent work has attempted to find more experimental support
for the hypothesis? that induction of malignancy is due, at least in part to
loss of, or change in essential proteins. Apart from the studies of the
Millers® with azobenzenes, Weiler* from an immuno-chemical viewpoint
established that the feeding to animals of butter yellow (4-dimethylamino-
azobenzene) which leads to the development of hepatomas, causes also a
loss of a liver antigen. He demonstrated later® a similar antigen loss in
the kidney of the male hamster after insertion of stilboestrol pellets in the
flank, producing over a period tumours® in that organ. Bhargava and
Heidelberger” showed that 1:2:5:6-dibenzanthracene, a carcinogenic
polycyclic hydrocarbon, in form of an oxidation product combined to a
certain extent with the skin-proteins of mice which had been treated with
the agent.
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The chemical nature of the changed or partly deleted proteins has not
been established up to now. But estimations of enzyme activities have
shown that some of these levels are lower in tumours than in normal
tissues, although they fall rarely to zero. To quote one example, the livers
of animals treated with butter yellow according to Westerfeld, Richert and
Hilfinger® have a diminished xanthine oxidase activity compared with
those of untreated animals. This enzyme, which contains flavin adenine
nucleotide, molybdenum and iron, is being submitted to a chemical study
by Bergel, Bray and colleagues®? and has been the subject of analytical
investigations by Lewin!!. He estimated the level of xanthine oxidase
activity in the breast tissue of mice belonging to low (C—) and high
(C+) tumour strains, and found that it fell per cell from that in the C—
mice, via that in non-tumourous tissue of the C-4 mice, to a low value in
the breast carcinoma itself. Another aspect of changes of proteins and
related compounds, this time in the cell membrane, was uncovered by
Ambrose, James and Lowick!? who found that the surface charge of tum-
our cells was of a more negative character compared with normal cells.
Before then DeLong, Coman and Zeidman®® had drawn attention to the
loss of mutual adhesiveness between malignant cells and put forward the
suggestion that this was due to a deficiency in calcium in the cell mem-
brane.

These few examples give additional impetus to the idea that tissue or
cell analysis in the field of cancer research ought to include estimation of
major and minor mineral constituents. Many investigations have been
made to correlate the content of trace elements in water, soil, plants and
animals*~1¢ and, to establish their general role in nutrition (cf. Under-
wood'?). Lately, Tipton and colleagues'®'®, Koch, Smith, Shimp and
Connor?® and Stitch, and Sowden and Stitch?':22 have commenced studies
on the concentration of certain metals in human organs. Their explor-
atory researches leading to semiquantitative data should be contrasted
with work aiming at the purification and characterisation of metal-carrying
cellular constituents. One aspect of recent investigations on metallo-
flavoproteins has been mentioned before®1%2, Systematic studies by
Vallee and colleagues?* resulted in the discovery that zinc formed an
integral part of a number of dehydrogenases.

In other instances, such as the pyridoxal-pyridoxamine enzymes, and
many more, the role of metals as activators through chelation of coenzyme,
substrate and, maybe, apoenzyme has been established. Not yet fully
confirmed is the possibility, as proposed by Kirby*:* and followed up
by us in collaboration with him, that metals may participate in the bonding
of deoxyribonucleic acid to proteins.

For our work, as presented in this paper, we have chosen an experi-
mental approach which amounts to a restriction of the analytical pro-
cedures, in this instance emission spectrography, to one organ of a defined
animal species of different ages and of known nutritional status, and to a
small number of elements, namely Cu, Fe, Mg, Mn, Mo and Zn. In this
way we were hoping to compensate for the numerous technical difficulties
in obtaining significant results. Apart from the problem of selecting
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normal and abnormal tissues for reliable comparison, a problem which we
temporarily solved by concentrating on livers, there is the complication
through variations of tissues in contents of fat, connective material,
residual blood, necrotic or inflamed parts. Moreover, there remains the
decision of chosing a practical base line, may it be wet or dry weight of the
organ, its total nitrogen or phosphorus content or its cellularity, on
which one can calculate the analytical data. Thus we were less expecting
“absolute” values but more hoping for disclosure of certain trends in the
changes of metal levels from one age group to the next, and in animals fed
with carcinogenic agents or having a regenerating organ. Consequently,
leads might emerge which could be followed by assessment of coenzyme
or enzyme contents, or of metal-containing cellular components of a still
undetermined functional character.

ANIMAL MATERIAL

The livers of Wistar rats, bred at the Chester Beatty Research Institute
and killed by breaking the neck, were removed immediately after death
and pooled, so that sufficient material for analysis was available and the
effect of variations between individual livers was diminished. Through-
out, metal tools were avoided and glass knives and rods substituted.
The following groups of livers (not perfused, except one tumourous liver)
were used.

(1) Normal livers from male rats at different age levels and fed on a
14 per cent special cake nuts diet (North-Eastern Agricultural Co-operative
Society, Ltd., Aberdeen). (a) 127 foetal livers for four samples; (b) 50
new-born for two samples; (¢) 30 one-week old; (d) 30 two-weeks old;
(e) 25 three-weeks old; (f) 21 four-weeks old; (g) 24 five-weeks old;
(1) 30 six-weeks old; (i) 24 seven-weeks old; (j) 12 eight-weeks old;
(k) 12 sixteen-weeks old ; (¢) to (k) one sample each.

(2) Normal livers (20 for three samples) from pregnant rats, 16 to
20 weeks old, fed on rat cakes and kitchen scraps; these animals were
used also as a source of the embryos whose foetal livers were mentioned
under (la).

(3) Normal livers from rats fed on rat cake and kitchen scraps (a) 198
male for seven samples, 4 to 8 weeks old ; (&) 100 for four samples 8 weeks
old.

(4) Regenerating livers (8 for two samples) from rats, 8 weeks old,
previously operated on for partial hepatectomy (removal of one lobe
of the liver), the organ then being allowed to regenerate for 5 and 8 days
respectively. The operations were carried out by Dr. Sheila Doak, to
whom we are greatly indebted.

(5) Tumour tissue, excised from livers (7 for 7 samples, one perfused)
of rats fed for thirteen to fourteen months on a diet with 20 per cent
protein and 0-42 per cent of methyl butter yellow (4-dimethylamino-3'-
methyl-azobenzene). The types of tumour present could not be accurately
distinguished ; they consisted mostly of hepatomas but also some chol-
angiomas and adenocarcinomas, As Price, Harman, Miller and Miller®
have expressed the opinion that usually there is a gradual transition
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from one type of abnormal tissue to the other, we refrained from classifying
histologically the malignant liver-parts, and shall refer to them as “liver
tumours”.

ANALYTICAL METHODS

(a) Ashing of biological material. Each group of pooled livers was
weighed (“‘wet weight™) and then dried in an electric oven at 110° for
24 hours. This material was powdered by grinding it in a glass
mortar with glass pestle and dried at 110° to constant weight (“dry
weight”).. The powder was subsequently defatted by extraction in a
soxhlet with absolute ether. The extracted residue was freed from solvent
in vacuo with warming up to 50°. The product, weighed for “dry-defatted
weight” (“Wy,”") was incinerated in a “Vitreosil” crucible, placed in an
electrically-heated muffle furnace at temperatures reaching 435° + 1°
inside 3 hours'®, when the heating was continued for another 7 hours.
After cooling, the crucible was removed and its contents ground with an
agate pestle. A few crystals of spectroscopically pure ammonium nitrate
were mixed with the powder and the heating in the furnace continued at
435 4 1° for 24 hours. The resulting colourless ash was weighed (‘“‘ash
weight”, “W,”) and stored in polythene specimen tubes until submitted
to emission spectrographic analysis.

(b) Emission spectrography. The ash (ca. 20 mg.) was mixed with an
equal weight of pure carbon powder and the mixture compressed into
the bore of a Jelfke electrode made from spectrographically pure carbon
rod to the following standard specification : external diameter of electrode,
3-0 mm. ; internal diameter and depth of longitudinal bore, 0-8 mm. and
8:0 mm., respectively.

Four replicate spectrograms of each sample were obtained by the
cathode layer arc technique (cf. Mitchell*) using a Hilger Large Quartz
Spectrograph (E.492) and a 9 amp. D.C. arc. The external optical train
consisted of a condensing lens and step filter (ratio 1:1-7). The lens
focussed the cathode layer on the collimator of the spectrograph, and
the spectrograms were recorded on Kodak Photoscript B.10 plates over
the range 2700 to 4800 A. The samples were burned to completion in the
arc; this required a 200 second exposure.

The wavelengths of the lines used for the estimation of each element are
included in Table I. The density of the spectral lines on the sample
plates were measured using a Hilger microphotometer, correction being
made for “background” in the normal manner. The concentration of
each element sought was estimated in a manner similar to that described
by Mitchell4, with the exception that Seidl density values® were used
instead of normal density values, the concentration being read graphically
from a working curve correlating log concentration in parts per million of
ash (log Wy,) and log per cent relative density of the spectral line.

The mean working curves were established from the line densities on
replicate spectrograms given by a series of synthetically prepared standards
containing known quantities of the elements sought. Each standard was
spectrographed four times.
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TABLE I
WAVELENGTHS OF LINES USED AND REPRODUCIBILITY OF RESULTS IN EMISSION
SPECTROGRAPHY
A B
Element and Known conc. Rel. standard Mean conc. in Rel. standard
wavelength in standard deviation sample (p.p.m.) deviation
A (p.p.m.) + per cent + per cent
100 9-5 235 84
Cu 316 8-4 386 66
3274 1000 2-8 509 7-8
3162 65 1390 83
1000 7-35 2560 21-1
Fe 3162 7-98 6270 973
3059 10,000 654 7810 8-96
31,620 7-05 20,200 10-89
X 13-06 45,200 8:63
Mg 1000 106 1040 15-1
2783 31,620 174 13,100 11-8
16,000 99
Mn 31-6 54 38 29
2801 100 4-5 55 58
316 60 80 66
32 15-8 7 13-8
Mo 10-0 222 24 156
3170 31-6 11-4 34 18-8
100 10-1 45 9:0
Zn 3162 17-8 2450 121
3345 10,000 10-6 3250 109
4830 127

The synthetic base, to which the elements were added in appropriate
logarithmic proportions, was prepared by Messrs. Johnson and Matthey,
London, by fusing the following mixture: KH,PO, (21-0 g.); NaH,PO,
(496 g.); CaCO; (0-37 g.); Na,CO; (0-42 g.); NaNO; (0-16 g.); NaCl
(1-64 g.) and (NH,),SO, (0-28 g.). The composition of this mixture was
based on results of a bulk analysis of ashed rat organs, kindly undertaken
by J. F. Harringshaw and L. S. Theobald of Imperial College, London,
who found :—K,0, 29-93 ; Na,0, 819 ; Ca0, 0-82 ; MgO, 2-15; Fe,O,, 0:04 ;
Si0,, 0-11; P,0O;, 48:21; SO,, 0:69; CO,, 0-44; Al,O,, 0-02; N,O;, 04;
NacCl, 2:97; H,0, 1-02 per cent. Organic matter (containing N and/or
O, 5-13 per cent); total, 100-12 per cent.

(¢) The reproducibility of the estimations. As previously mentioned,
the present examination has been concerned only with the estimation of
copper, iron, magnesium, manganese, molybdenum and zinc. Figures
for the reproducibility of the results for those elements over the range of
concentrations encountered are given in Table 1.

Reproducibilities were estimated using both synthetically prepared
standards (A) and the results obtained on selected samples (B). For the
former, the reproducibility is given as the relative standard deviation
obtained by expressing the standard deviation of four estimations as per
cent of the known content of the standard. With the samples (B), the
standard deviations are expressed as per cent of the mean of four replicate
estimations.

The significance of these figures is that statistically the limits of the
relative standard deviation should be exceeded only 1 in 3 times by
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chance. Data A and B show relatively good agreement, and in view of the
fact that the samples represented in B are those which showed maximum
variation, it is considered that a satisfactory degree of reproducibility has
been achieved with the spectrographic method employed.

RESULTS AND DISCUSSION

In a preliminary spectrographic survey of 30 elements the following were
not detected under our experimental conditions: Be, Bi, Cd, Co, Cs, Ga,
Ge, Hg, In, Li, Sb and TI. While Rb was a contaminant of the synthetic
base (cf. p. 526), Ag, Ni, Sn and Zr were found to be present in small
amounts in certain samples only, and Ba, Cr and Pb seemed to form
genuine constituents of some of the livers. Our more extensive studies
were restricted to six elements, namely, Cu, Fe, Mg, Mn, Mo and Zn,
which are known to play an important role as part of enzymes or as their
activators.

The results are reported in Table II and Histogram I, where by using
different scales for the various metals and averaged values for some
groups, the changes are visually summarised. The data are expressed as
pg. of element per g. of dried defatted tissue (Wyp) or p.p.m., calculated
from the ratio W,/Wy,, (as given in Table 11, column 1) and multiplied by
Wy, where Wy, = pg. of element per g. of ash as obtained from the
photometric values by the method mentioned above.

Copper (cf. Underwood?, pp. 63-74). In normal livers the content
increases suddenly from that of the embryos and newborn animals (cf.
Lorenzen and Smith3®) to about treble their amount in the one and two
weeks old rats which are suckling at the time. The reason for this rise is
rather obscure, particularly if one considers the low copper content of milk
reported in the literature®. Our observation confirms that of Briickmann
and Zondek®2, who have found a peak in copper concentrations in rat
livers between 10 to 15 days after birth. Like these authors we established
that in our animals, fed on a controlled diet, the copper content declined
during the period from the 3rd to 16th week. Animals, 4 to 8 weeks old
and pregnant rats 16 to 20 weeks old, both groups fed on kitchen scraps,
did not differ very much from the former (¢f. Ashikawa, Smith and
Helwig®®). The “liver tumours” from rats over 12 months old and the
regenerating livers, after 5 and 8 days regeneration show only a slight
increase compared with the organs of all adult animals mentioned above.

Iron (cf. Underwood'?, pp. 26-33). The level in tissues of this major
element is, for obvious reasons, subject to fluctuations by the presence or
absence of residual blood. Attention is therefore drawn only to the
higher values noted in foetal livers of embryos and newborn animals, in
liver tumours and in the regenerating organ. The average iron content of
all other livers (21 groups) given in Table II is 236 p.p.m.

Magnesium. Figures for this other major element, so far obtained, are
of restricted significance without the corresponding data for calcium,
However, the values for the regenerating organ seem to be genuinely lower
and the average for the liver tumours (986 p.p.m. from 7 samples) appear
to be higher than the average of all other livers, namely 627 p.p.m.

527



F. BERGEL, J. L. EVERETT, J. B. MARTIN AND J. S. WEBB

i 12=14 MONTHS OLO
«(BUTTER VELLOW DIET)

S5#A B CDE F PPM

,,,, ////

o o/////////////ﬁ_
=

u/// , P , ;////////////,,.

/// N 3=4 A\ // /////,/// ,m

N R X >

2

5
g e
u//////// E
L BS g

E

s

Individual analytical results of samples.

HistoGraMm 1.

528



METALS IN NORMAL AND ABNORMAL TISSUES

*sjes JueuSord WIOI] SIOAL [RWISIEIN §

*21eI)1> WNIPOS YIM pasnjiod 44 (anoj) pojood arom
*2Ap-oze sI0A1f 93 pue sderds uoyoiry snjd 321p [PULIOU & YO Paj oIom siey §
s1uesourdied & SUUIRIUOD J3IP B UO P3J SIel o) SUISIIE SINOWN T, 4 4 sderss uayolIy snjd J9Ip JRULIOU B UO Paj 219m siey 4
*SI9A1] Sunerousday |y *391p PSJJONUOD B UO PIJ JIOM SIBY &
g3y €D 81-CT 144 L€ 134 0s€l 00641 €08 0888 0-0¢ (1744 160-0
ydig ©D LL-1 ¥T $6-T or 0611 00T 91 1145 OLEL €l 6L1 vL0-0
€€l 079¢C 67-T 134 L8-€ 9L 66L 00LS1 1943 0LL9 8Tl 1T 150-0
0tl 0SLT 08-1 8¢ £6:T 29 8IL 00T ST 91y 0188 61 €LT Lp0-0 p|0 axSYIUOW $-T]
19-0 1 €€ LS £9L 006 €1 £9¢ 0799 L€l 0S¢ $S0-0
ysiy ®D 148! St 8¢-C 0€ (4] 00L V1 0501 008°cl 81 0¥C 9L0-0
[%4 0¥81 06-0 €1 LL-T 4 €96 006°€1 99¢ 008€ 601 LST 44960-0
PN PN PN PN L61 e LET 00ly 10¢ 0v69 el 67T 7600 |7 0 Lshepg
PN PN PN PN [4 &4 v €17 0L8E 0£91 009°6T 1-81 67€ §S00 _ [*° lshep ¢
6 0781 76°1 8¢ $8-€ 9L 6£9 00921 65T (11489 [4Y) 10¢ 1§0-0
S6 090T 951 143 St-€ SL ILS 00t Tl $61 [UX4 4 801 SET 900 | §sx%om 0T-91
L6 011Z 9¢-1 143 (383 89 (1749 00¢ 11 981 050 L6 (414 9v0-0
£l 0L6T 80-C 134 90-¥ +8 SOL 009 v1 Lot 0vE9 O£l 89T 8%0-0 o Ttofsyeem g
il 0977 L6'1 6€ SE-v 98 965 008 11 8€T 00LY 0zl LET 150-0 o ©toIsyoam g
901 000T 0oL-1 [43 SEv 78 S€9 00021 661 0SLE 701 €61 €500 [ Ttoisyoem g
€01 11354 0-T 144 86°€ 8 669 0ov ¥1 89T 0£SS 0-01 LOT 6400 [ TtoIsydm g
s9 0IS1 £€C-1 8T 88-7 L9 LvS 00L21 (444 0086 88 0T €v0-0 |7 TTodsyom g
001 OLIT 91 S€ §9-€ 6L S09 001°¢l 0¥C 0615 €66 S1T 9%0-0 o ttdsyeam L
08 001¢ 61 4% €6:C LL Sév 000 €1 SLI 08S¥ 89-8 8T 8€0-0 (' ©tAsyeamg
$6 [vc44 -1 143 ¥8-C L9 Ly 001 11 wl 11433 T01 T €00 |7 ctoAsyemg
001 0€61 SL1 Ve St-€ L9 16 00L 01 9T1 0s¥T (44! 9€T %500 | Tto4Sem
78 06L1 LE1 0f 91-¢ 69 €55 001 Z1 6LE 06¢£8 S11 [4%4 00 |[7° TT 4SYIOM 9]
L6 0681 (34 N4 86'€ 8L 0sL 006 ¥1 97T (1344 11 2T 160-0 |*° Tt aSyeIm g
£9 0951 291 or 96:C €L 165 009 vI 01T OLIS €8 S0T 1+0-0 .. T eSYeOM L
101 0861 14T Ly S8-€ SL 08L 00T ST 19T 080§ €l 297 1500 |°° T xSYeRM 9
611 (924 STT 9 L8-€ 6L SYL 00T ST [444 [\ 1494 9-€1 8LT 6¥0-0 o o aSRm S
€T 0LYT 081 9€ 06-€ 8L 0s9 000 €1 14! 0$8C €61 98¢ 050-0 | Tt aSYeIM
651 0T8T OL:1 0ot €1y €L 6L9 00021 4 09T T€€ 88¢ LS0-0 o T aSyoIm g
87T (V54 1 Lz Ye-T 24 sL 008 €1 85T ocLY €66 0SLI €50-0 o TTosjeem g
$ST osey 00-1 Ll £6-1 €€ €9 008°01 £9¢ 0129 €18 06El 650-0 o ) Hoom |
20¢ 0Iss w0 14 61 S¢ obs 0£86 LSS 0s1°01 67€ 665 6$0-0 . -+ u10q MON
80€ 0159 €£€-0 L 6L-1 8¢€ S65 009°CI 18S 00€°C1 6 1€ 9L9 L¥0-0
80¢ 00t 10 [ SI-z o€ €L9 08€6 1144 0s19 TST 1S€ TL0-0
€T OLEE €1-0 [ 80-C €€ SIL 00€° 11 Liy 0099 L-6T oLy £€90-0 . .. 190q
Ll 09.LT €1-0 [ 20-C (43 L8 L 859 orss 1-€€ s ko.ow
1844 09Ty L1-0 € 181 (43 9LL 00LEY 876 00¥°91 8:8C 605 950-0
sidwes ur | yseur |odwesur | ysew |odwesul | yseur |odwesur| yseur |odwesur | yseur |gdwesur | yse ur LLTYVAS'Y o8y
wrd-d wrd-d wed-d rded cwrd-d -wrd-d cwed-d sweded cwrd-d weded cwrd-d cwed-d
surz wnuspqAjoN osoueduey wnisaudeN uoay Jeddop oney

STTINVS 1TV JO SLTNSTA TVOLLATVNY TVAAIAIAN]
IIFT1dV.L

529



F. BERGEL, J. L. EVERETT, J. B. MARTIN AND J. S. WEBB

Manganese (see Underwood??, pp. 235-240). An increase in content of
this metal can be discerned (see Histogram I) from the embryo via the new-
born and one to two weeks old animals to the three to 16 weeks old rats.
It may be significant that the values for the regenerating livers are more
like those of the earlier age groups, while those of the liver tumours are
similar to the results with the later age groups.

Molybdenum (see Underwood’, pp. 125-129). This trace element is
of special interest to us in view of the work in these laboratories? on
xanthine oxidase, a molybdeno-flavoprotein. The low levels of foetal
and newborn livers rise over the next five weeks and arrive at an average
value for the 16 weeks old, the pregnant females and the rats fed on
kitchen scraps of 1-7 p.p.m. This should be contrasted with the content
of the liver tumours of which three showed a low molybdenum con-
centration and four an average of 2:0 p.p.m. It has been mentioned
before that the histological nature of the tumours was somewhat un-
certain. This might explain the differences between the low and higher
figures. The low values could be quoted in support of a report by
Westerfeld and colleagues® on the diminished level of xanthine oxidase in
livers of animals fed with butter yellow. Our figures obtained with
foetal livers invite a similar comparison with the low level of xanthine
oxidase activity in embryonic organs®*. No molybdenum could be
detected in our regenerating livers. If this is an observation reproducible
with other material, it should be followed up by estimation of molybdeno-
flavoproteins in regenerating organs.

Zinc (cf. Underwood, pp. 208-216). Our figures suggest a higher
zinc content in the foetal, newborn and one week-old livers. Then they
fall to an average of 102 p.p.m. in the organs of animals between 2 and
16-weeks old, organs with the data for all the other normal livers being
about the same35, We cannot offer, at present, any explanation for the
apparent absence of zinc in the regenerating livers. Some of the tumour
livers did not yield results, because the presence of surprisingly high
amounts of calcium made the spectrographic estimation of zinc impossible.
This observation makes it very desirable to analyse at an early date for
calcium. The remainder of the tumour-livers showed slightly higher metal
contents, average 130 p.p.m. The other point which should be mentioned
here, is that the keeping of rats in zinc cages has seemingly very little effect
on the content of zinc in the livers.

There is no doubt that further work has to aim at the inclusion of other
elements including major ones, such as sodium, potassium and calcium
and to be backed up with coenzyme : enzyme determinations or assessment
of other metal-bearing cellular constituents. Future studies should be
extended to cellular particles and to other organs in the same species and
to organs of other species, finishing in the end with comparable human
material.
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