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Cadmium in considered to be a trace element* It 1a never found 
tree but Is usually found eGsfctned with sine ores* Becently, cadmium 
has been found to occur in small ceneentratiens in sam ground waters j 
however, little esgperimental evidence Is available concerning the 
effects of prolonged ingestion, by animals or man, of water contain­
ing trace quantities of this metal*

There Is considerable evidence concerning the tcKioity of cadmium 
lu higher concentrations • Inhalation of cadmium oxide or cadmium 
sulfide fumes or dust ha# caused practically «it of the industrial 
deaths which have been attributed to cadmium, less severe poisoning 
has resulted in symptoms of weakness, drowsiness, loss of weight, 
vomiting, nausea, proteinuria and kidney damage. In addition, a yellow 
ring mm found can teeth of men who had a history of long exposure to

Several cases of acute cadmium poisoning from food contaminated 
by contact with cadmium plated utensils have been reported. In these 
eases, vomiting Is the usual symptom.

Studies of esperimsntal cadmium poisoning have shorn that the 
concentration of cadmium which causes acute poisoning or death depends 
on the pathway of administrat i on * The type of experimental diet used 
influences the severity of toxicity symptoms shown, and, In addition, 
the toxicity of a given concentration of cadmium Is greater in liquid 
food than in solid food. The amount of cadmium retained by the tissues
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varies with the route of administration, but usually the kidney end 
liver retain the largest amount o£ the element* The cadmium which 
does get late the tissues, however, stays a long time and la not 
easily released.

Cadmium ion has been sheen to be active as a eofaotor In several 
smym systems, depending m  the eystem, either as an activator or an 
inhibitor*

Currently, there is considerable interest in the possibility of 
using fiddtn to plate m ter pipes need for drinking water* Also It 
would be desirable to have experltaental evidence upon which the 
Public Health Sendee could base an allowable cadmium standard for

**te4 r»a I** iwrlii ilfcw'Ijjfr WfiMSnP* <&
the aim of the present study was to determine, by means of animal 

experiments, the chronic tsfdeity In drinking water of cadmium In ccn— 
centrattons up to 10 parts par million* Bate were used as experimental 

and measurements were made of growth rata, pathological 
changes in the blood and various tissues* Kidney and liver tissues 
were analysed for eacteium content after six months md twelve months 
of exposure of these animal® to known levels of cadmium In the drinking 
water#

In rats It was found that there was no apparent effect m  blood 
hemoglobin or growth rate with amounts of cadmium in drinking water up 
to ten parts per million* He evidence of pathological changes was 
noted in any tissues frmi rats receiving cadmium at these levels*
Food md water intake of all groups were essentially the same*
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vt»n the results of the e&staium. analyses of tissues were calculated 
m  ug* cadmium for gram wet weight tissue, the kidneys m m  found to 
hews retained two to time tines the amount of cadmium as mm retained 
by the liver* However, the total amount of cadmium in the liver was 
usually equal to or greater than the cadmium content of kidney because 
of the larger weight of the liver* the cadmium content In ug* per gram 
tissue of either liver or kidney increased with the cadmium intake! 
usually’ In direct proportion to the cadmium Intake* In addition, values 
for tissue content obtained at the end of a yearns exposure to cadmium, 
were roughly doable those obtained at the md of the six month* e period, 
which suggests that the amount of cadmium retained depends on the 
length of time that cadmiiM̂ imtaliiiag enter Is Ingested*

fhi ê eŷ e f or̂ l̂ Î glatamlc deferuylasa was isolated from guinea 
pig liver* the specific activity of the em&m mm increased 11*2 
times during purification from the crude extract. As judged by data 
obtained from eleetre^orssts of the purified emym in both phosphate 
and veronal buffer, there was one component present in the purified 
preparation* this component mm probably Identical with the active 
enp»i the activity of the purified mm&m mm enhanced by cdbalt(ous) 
Ion, whereas m&bIhhl im and ferrous ion depressed the activity slightly* 
>Meh of these metal %m&$ if any, is concerned with the “natural 
ensyma1* can net be said at this time*
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Cadmium has recently been found to occur in small concentrations 
in some ground water*! however little experimental evidence is avail­
able concerning the effects of prolonged Ingestion, by animals or 
smm, of water containing trace quantities of this metal*

In cases of industrial cadmium poisoning, both acute and chronic, 
and from experiments carried oat with animals, it has been found that 
cadmium <ln relatively small doses is lethal for humans and animals*
The metal Induces vomiting In certain species, when given orally, and 
when introduced into the general circulation, produces a general toxic 
effect* It also has a tendency to be stored, mainly in the kidney 
and liver, and elimination of cadmium from the organism is slow.

The aim of the present study was to determine, by means of animal 
experiments, the chronic toxicity in drinking water of cadmium in 
concentrations up to ten parts per million. Measurements were made 
of growth rate, and pathological changes in the blood and various 
tissues were studied. Kidney and liver tissues were analysed for 
cadmium content after six months and twelve months of exposure of 
animals to known levels of cadmium in drinking water.

In rats it was found that there was no apparent effect on blood 
hemoglobin or growth rate with amounts of cadmium in drinking water 
up to ten parts per mllHon* Ho evidence of pathological changes 
was noted in may tissues from rats receiving cadmium at these levels.
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Food and water Intake of all groups were essentially the same* there 
was a definite storage of cadmium in the liver and kidneys, which in­

creased as the amount of cadmium in the drinking water increased.
It Is conceivable that cadmium in very small amounts may have a 

beneficial physiological action in animals* this has been suggested 
by enzyme studies In which cadmium was found to activate some enzymatic 
reactions. One of these enzymes is formyl-L-glutamie acid deformylase, 
which Is involved in the metabolism of L-hisiidine. After isolation 
of this enzyme from guinea pig liver, enzymatic activity and the 
effect of metal ions on the activity were studied* It was also found 
that the purified enzyme preparation contained caaly one component as 
judged from an electrophoretic study. VJhether cadmium and the 
apoenzyme are associated either as a metalloenzyme or as a metal- 
enzyme conplex can not be stated with certainty at this time*
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HISTORICAL

Cadmium la generally classed aa a trace element or a minor element. 
Cadmium̂ like mercury, la found in concentrations of only 0.5 gram per 
ton of the earth’s crust* Cadmium is never found free* but is usually 
found in sine ores from which It is separated by it’s greater 
volatility (1).

The soils of the steppes of Russia are said to contain from 
mh _31.7 x 10 to U*5 x 10* percent cadmium* whereas in Russian natural 

surface waters, cadmium was found only in one place* the Urov River (2). 
A Russian review on the occurrence and biological role of cadmium (3) 
gives data on the content of human embroyos and the distribution In 
four humans from h to 6k years of age* The liver and kidney contained 
the most cadmium (expressed as milligrams per 100 grams of ash) and 
the amount of cadmium increased as the age increased* Ho case histories 
were given j it is not known if these were presumed to be “normal11 
humans*

In the bhited States* water in the Long Island area (h) was found 
to contain 0.05 to 3.2 parts per million (ppm) cadmium. However* this 
was not water used for drinking purposes. In this case the cadmium 
was thought to come from pollution by industrial wastes*

In a report on the analysis of various foods (5)* canned grape­
fruit ûice* fresh spinach and beef kidney were found to contain*
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respectively, 0*019, 0,01*, 0*66 ppm cadmium* No cadmium was found In 
any liver sample* A possible explanation for these amounts of cadmium 
in the grapefruit Juice would be contamination from solder in the can* 
but the authors have no explanation for the presence of cadmium in the 
other foods*

Cadmium. Poisoning In Han
The first known cases of cadmium poisoning in man were reported 

by Secret in 1858 (6) in three servants who became ill after polishing 
silverware with eadmlm carbonate powder* Stephens (7) gave the case 
history of a 6? year old man who worked in the sine smelting industry* 
At autopsy, chemical analyses of the liver showed no lead, traces of 
copper and 59 mg# c&dsium and $0 mg* zinc per pound of liver. Daring 
a six year period Stephens examined eight similar cases* From chemical 
analyses of the liver, he decided that the poisoning was due to zinc 
mid eadmium. There have been many reports of industrial cadmium 
poisoning, usually as a result of inhaling cadmium oxide fumes or 
dusts* Several interesting cases have been reviewed by Prodan (8).
This article also lists industrial practices where the most hazardous 
exposures have been encountered. The usual symptoms from inhalation 
of cadmium dusts are weakness, drowsiness, loss of weight, vomiting 
end nausea* Proteinuria and kidney injury have also been repeated (9) • 
On autopsy acute cases showed congestion of the larynx, trachea, 
bronchi and acute inflammation of the kidneys (10), Cotter and Cotter 
(ll) presented evidence to show that injury to the liver, kidney and
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bene marrow Garnered in cadmium poisoning although other clinical 
systems were absent. Princl (12) found a characteristic yellow to 
golden brown ring on teeth of mm  who had a history of long exposure 
to cadmium* this ring usually appeared after the second year of 
exposure and took as long to leave as it did to develop* The color 
seemed to have been incorporated into the tooth enamel and could not 
be scraped off*

Other than industrial poisoning, there have been cases of acute 
cadmium poisoning caused by contamination of food* The poisoning 
usually resulted from using utensils, plated with cadmium, which con­
tained foods such as fruit juices, jellies, or even coffee (13,11,15X 
Fortunately, the victim usually loses most of the cadmium by continued 
vomiting# Two outbreaks of acute cadmium poisoning were traced to 
drinks contaminated by ice cubes exposed to drippings and scalings from 
cadmium plated refrigerator evaporators (16)* Frant and Kleeman (17) 
reported that 29 school children were affected by eating pqpsicles 
containing fro® 13 to 15 ppm of cadmium. (This would correspond to 
ingestion of about 1 mg of cadmium per pqpsicle.) Monier-WLlllams (18) 
in coRsmenting on these cases states that “as with other toxic metals 
the effect is probably far more pronounced with liquid than with solid 
food.**

At the present time the United States Public Health Service 
Ordinance and Code Regulating Hating and Drinking Establishments (19) 
forbids the use of utensils “containing or plated with cadmium'1 and a 
similar ordinance (20) forbids the use of cadmium in the construction 
of milk utensils.
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The first historical work on the toxic effect of cadmium was that 
of Mans© (21) in 1867. Be need dogs, cats, rabbits and pigeons as 
experimental animals and administered about fourteen cadmium compounds 
intravenously* subeutaneously, by feeding and by direct application 
on the skin# Be concluded that cadmium cabounds which were soluble 
in water or dilute acids at body temperature were analogous in their 
poisonous action* He also found that toxic doses of cadmium, regardless 
of route of administration caused vomiting, diarrhea, loss of energy, 
less of appetite and death# Small, doses given ever a laager period of 
time caused chronic Intoxication as evidenced by gastro-errteritis and 
continued loss of weight*

In 1896, Sever! (22) reported lesions in dog and rabbit kidneys 
were caused by the subcutaneous injection of ten mg# per kilogram of 
cadmium (in the form of cadmium chloride)* These lesions were similar 
to those caused by mercuric chloride poisoning# Macrcscqpically, the 
kidneys were greater in volume and of paler color than normal kidneys, 
while microscopically they showed intense necrosis In the convoluted 
tubules and frequent dilatation of the tubules* The glomeruli showed 
no apparent alteration*

Sohwartse and Alsberg In 1923 (23) published an extensive study 
m  the comparative pharmacology of cadmium and sine in four species 
with regard to lethal doses, sublethal doses and emetic properties#
Cats and dogs seemed to be more resistant to cadmium than rats and 
rabbits, as judged by the amount of cadmium needed for a lethal
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intravenous dose* Over the period of a year, oats were offered 5 to 
go jag* cadmium per day In their meat (not necessarily eaten nor retain­
ed) « Tissue analyses showed that the main storage of cadmium was in 
the kidneys and the liver with the kidneys storing relatively higher 
amounts* The progressive tendency for storing cadmium when fed in 
larger doses over longer periods of time proved that cadmium is ab­
sorbed more quickly than it is excreted,

Johns, finks and Alsberg (2h) found that rats on diets containing 
250, 500 or 1000 ppm cadmium grew little or none and soon died* The 
initial growth of rats fed 125 PP-̂  cadmium was normal but the male 
rats all died within 50 days, the majority of the females survived 
much longer although only one was alive at the end of 280 days* There 
was no effect an growth rate car food intake of rats eating 62*5 ppm 
cadteium in the diet* The concentrations of cadmium consumed (calculated 
from the food intake) were 3 mg*, 2*2 mg,, 1 mg*, 0*8 xag. and 0*56 mg, 
per rat per day far rats receiving diets containing 1000, 5Q0, 250,
125 and 62*5 ppm, respectively*

The year 1525 marked the beginning of the use of cadmium com­
pounds as therapeutic agents* Kcchmann (25) reported qualitative 
experiments on the pharmacological action of the element* being cadmium 
chloride as a typical compound he found that it precipitated serum 
albuminj when the element was applied on living tissue, it had an 
astringent action in medium concentrations, and an irritant, caustic 
action in larger concentrations* Yeast fermentation was inhibited 
and protozoa were killed in a solution of 1*300,000 of cadmium chloride*
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Grouiren (25) reported on the clinical treatment of syphilis with 
cadmium compounds* Experiments with tubercular guinea pigs (26) 
suggested a bactericidal action of cadmium compounds and led to the 
clinical application In human tuberculosis patients (27).

Bessel (28), reporting experiments on the therapeutic use of 
cadmium preparations, showed that cadmium injected intramuscularly or 
intravenously in rabbits, dogs and men tended to be stored up and 
excreted very slowly* To illustrate the extremely slow excretion of 
cadmium he observed a person who was treated for syphilis with cadmium* 
The urine and feces were collected and analysed* During a 39 day 
period only two per cent of the total injected quantity (900 mg#) was 
excreted* It is now considered that the questionable benefits to be 
derived frcsa medication with cadmium are far outweighed by the dis­
advantages of toxicity and retention in the tissues*

Classical studies, from the industrial hygienist*© standpoint, 
were Prodan1© (29) experiments on cats poisoned with cadmium oxide 
fumes, cadmium oxide dust and cadmium sulfide dust* Gross macroscopic 
and microscopic changes were described in detail and cadmium analyses 
on the cat tissues reported. He found that exposure to cadmium oxide 
fume© and dust, in general, resulted in cadmium deposition in the 
lungs, liver and kidneys shortly after the exposure $ later the element 
became stored in the liver, kidney gad bones* Cadmium sulfide exposure 
results in cadmium deposition mainly in the lung§ with a small per cent 
present in the kidneys. The author explained the differences found
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between cadmium oxide and cadmium sulfide as due to the greater insolu­
bility of the latter compound*

When Wilson and Be Eds (30) fed cadmium chloride to young rats, 
animals receiving as little as 31 ppm (0*0031 per cent) cadmium in 
the diet had a lowered growth rate and those receiving 62 ppm were 
definitely stunted* Severe anemia also occurred in the rats receiving 
62 ppmj within two to three months the hemoglobin concentration had 
decreased from 16*5 grams to 3 to k grams hemoglobin per 100 ml* bloods 
the number of red blood corpuscles had decreased but not prqporfcl onall$ 
whereas white blood counts and differential white counts remained un­
changed* Incisor teeth were bleached in rats receiving as little as

3
16 ppm of cadmium in the food# Mere severely poisoned rats had hearts 
weighing as much as two times the normal weight# from these results 
the authors concluded that cadmium probably interfered with iron 
metabolism,

la the same year, Fitahugh and Meiller (31) reported that the 
toxicity of cadmium was increased by low protein diets* Ginn and 
Toitoer in 151*1* (32), studied the effect of cadmium and fluorine on 
rat dentition* Bats were divided into four greats* Grotqp I, controls ; 
Grcrcg* U, 50 ppm cadmium (as cadmium chloride) in the f ood| Group III, 
50 ppm cadmium (as cadmium chloride) in drinking water; and Group If,
50 ppm fluoride (as sodium fluoride) in drinking water* After eight 
weeks treatment, Groups X and XI showed normal gains in weight,
Group III was stunted in growth and exhibited a progressive decrease 
In hemoglobin* At the end of 36 days, values for hemoglobin were
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(I) 15.8, {XX} 12.6, (XXX) ?.? and ( W  11.1 grans per 100 ml. bipod. 
These findings are proof of the feet that cadmium ingested in liquids 
is mmh. more toxic then the same amount obtained in the food*
Itainished pigmentation of incisor enamel was noted both from fluoride 
and cadmium in the water* Unlike fluoride, cadmium did not inhibit 
essperimental series* In fact, if anything, $0 ppm cadmium in the water 
apparently increased series formtlcsa* The authors suggest that the 
pigmentation changes in enamel and the decrease in hemoglobin are 
related to the ability of fluorine and cadmium to interact with iron- 
containing proteins* This interaction has also been suggested from 
experiments with sugar beets grown in sand culture with the addition of 
equivalent eoneentrations of heavy metal ions* Cu**, Co** and Cd*+ 
m m  unusually highly active in cawing chlorosis, a condition usually 
associated with an iron deficiency (33)*

Leicester (34) studied the effects of cadmium on caries production 
in rat teeth* One group of mothers was placed m  0*004 per cent c&ctaium 
water ftm two to six days before birth of the young. The litters and 
mothers were maintained <m this intake until the young were 23 days 
old, when calcification of the molars was complete (35)* This group 
was removed from cadmium and like the controls given tap water while 
fed a Hcpperfc-Webber-Ganiff caries diet for 100 days* Another group 
of mothers and young were treated in the same manner except that they 
were maintained on cadmium water also during the 100 days period on 
the caries producing diet* Teeth of the control rats drinking tap 
water and of those drinking cadmium containing water only discing the
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calcification period did nob give even a qualitative test for cadmium, 
whereas, teeth of rat® receiving cadmium for 123 days contained an 
average of 0,003 per cent cadmium* The ccncltisions from this experi* 
menfc were that cadmium did not increase the number of caries produced 
by the Boppert-Wbber-Canlff caries diet, bat did appear to increase 
the rate at which caries appeared, and that cadmium deposition occurred 
in rat teeth only after calcification mm collate *

The effect of the diet in studies of chronic toxity was observed 
using two <&ets, diet A, a “natural11 food ration and diet B, purina 
dog ©how (36)*

TABLE X
txmmnxm m diet a

Constituent Per Gent by v&aight

fellow corn meal 73
Linseed oil cake meal 10
Alfalfa meal 2
Gasein 10
God liver oil 3
Bone ash 1*5
laCl 0*5

Diet A (Table I) contained 16 per cent crude protein and diet B con­
tained 21 per cent. For comparative purposes, 125 ppm cadmium were 
added to each diet and rats were fed for 175 days* Animals receiving 
diet B (with cadmium) showed bleaching of the teeth and hemoglobin 
values ranged between 8 to 12 grams per ICO ce# blood, and body weights
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were almost identical with the controls* Eats receiving diet A (with 
cadmium) exhibited bleaching of teeth, decreased hemoglobin (five grams 
per 100 ml# blood) and decreased growth rate* At the end of the feed­
ing period* the average weight of the rats receiving diet A was 175 
grams compared to 276 for controls* Therefore, diet A, as compared 
to diet B, greatly Increased the toxicity of cadmium* The authors 
routinely use diet A for toxicity studies since they feel that the 
constituents do not vary as much as a commercial diet (such as B) in 
which the per cent of protein, fat, etc*, are kept constant, but the 
constituents which furnish these nutrients are varied*

In an attempt to determine the toxicity of household enamel, pig­
ments which contained either cadmium sulfide, zinc sulfide and barium 
sulfate, or cadmium sulfide, cadmium selenide and barium sulfate were 
fed in the food to rats (37), at levels of 0*1, 0*25, 0*5 or 1 per 
cent* Bo differences in growth rate were noted except that selenium 
containing pigments seemed to diminish the appetite and therefore the 
growth gain# The author concluded that cadmium-containing pigments were 
not harmful even to children* This conclusion seems hard to believe 
in view of the known toxic effects of cadmium salts, in general, and 
the effects of selenium on men and animals (38) .

In a comprehensive study on prolonged inhalation of cadmium(39), 
Frinci and Geever exposed dog© to definite concentrations of cadmium 
oxide and cadriium sulfide dusts over the period of one year. Most of 
the dogs showed some weight gains* The results of various blood tests 
and liver function tests were reported also. Cadmium analyses of bone,
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feces* bile, kickaey, and liver were presented* Most inhaled cadmium 
dust m s  stored In lungs* liver and kidney, with lesser amounts in 
the bones and teeth* Cadmium levels In blood and urine of dogs exposed 
to cadmium sulfide usually were significantly lower than those found 
in dog© exposed to cadmium oxide* This is consistent with the fact 
that cadmium oxide is more readily soluble in body fluids than cadmium 
sulfide end therefore much more easily absorbed*

It has been reported (1*0) that when rats were injected with Cd11̂  
intra-peritcnealy and fed diets with protein concentration varying from 
16 to 60 per cent that an increased retention of cadmium was found in 
the liver and spleen with an increase in the protein content of the diet* 

In this laboratory (hi)* 300 gm albino rats were given* by stomach 
tube* a single 10 mierocurie dose of Gd3̂  (as cadmium nitrate)* The 
total weight of cadmium, was two mg* which is about 1/30 the oral ID̂ q 
dose for the rat (28). Approximately 80 per cent of the cadmium was 
excreted by way of the feces* whereas kidney and liver tissues each 
showed a maximal uptake of a little over cm per cent of the injected 
dose* At the end of 15 days* however* the kidney and liver concentra­
tions were the same as at the end of eight hours* In another experiment 
i*00 gram rats were injected intravenously with 2 microcuries of Cd3-^
(as cadmium nitrate)* The total weight of cadmium a&ninistered was 
0*25 mg which is about 0*1 of the intravenous LB̂ q for the rat (23).
At the end of it hours* about 63 per cent of the injected dose was 
found in the liver and about 1.6 per Gent in the kidney. At the end of 
a five weeks period the liver and kidney contained as much cadmium as
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they did at the end of the four hours. The total excretion of cadmium 
Via the feees at the end of five weeks was 22 per cent of the injected 
dose* Both of these experiments demonstrate that whatever cadmium 
does get into the liver and the kidneys is very tenaciously held and 
is not released for seise time, if at all*

In summary, previous experimental studies have shown that the 
o oncentration of cadmium which causes acute poisoning or death depends 
on the pathway of administration * In addition, the tc&lciiy of any 
given concentration of cadmium seems to he much greater in liquid than 
In solid food* The type of diet used also influences the toxicity*
The amount of cadmium retained by the tissues varies with the route of 
administration, hut usually the kidney and liver retain the most 
cadmium* The cadmium which does get into the tissues, however, stays 
a long time and Is not easily released.

Effect on Enzymes
There have been reports that cadmium, in common with most "heavy 

metals,*1 inhibits or retard® enzymatic action. In 1896, Athanasiu 
and langlcds (1*2) published a comparative study of the effects of zinc 
sulfate and cadmium sulfate on lactic fermentation of colon bacilli. 
Cadmium sulfate concentrations between 0*18 and 0*2 parts per thousand 
corcpletely inhibited fermentations zinc sulfate was effective in con­
centrations between 1.5 end 1.6 parts per thousand.

Gerber (1*3) showed that cadmium retarded the aetlon of various 
rennlns m d  that the activity of amylases (hh) may be retarded or
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completely checked depending m  the cadmium concentration* Inhibition 
of catalase end peroxidase (h$) and distinct retardation of sucrose 
inversion have been shown to occur in the presence of low concentrations 
of cadmium# Krebs (1*6) showed that 1*3 x 10 moles of cadmium per 
liter caused 50 per cent inhibition of the proteolytic action of papain# 
The enzyme phosphollpase G which catalyzes the hydrolysis of lecithin 
to a diglyceride and phosphoryl choline was inhibited by cadmium ikl)* 
This inhibition may be due to the formation of a cadmim-lecithin 
complex (1«8)# Aminotripeptid&se* obtained froa thymus, which hydrolyses 
a variety of tripeptides at the K~tei;7ninal peptide bond, was inhibited 
9$ per cent by 0*001 U Cd** and So per cent by 0#001 M Mg** (k9)* 
Aspartase from propionic acid bacteria which catalyses the formation of 
fumarie add and ammonia from L-aspartie acid was strongly inhibited 
by certain heavy metals including cadmium (50)#

Om hypothesis is that heavy metals are toxic to biological systems 
because of their reversible mercaptide-formation with the groups of 
the protein moiety of cellular enzymes* For this reason* several 
©aqperimeaators have tried to reverse the effects of cadmium poisoning*
In vivo and in vitro* with 2-3 dimercaptqpropanol (BAL) (51*52*53*5̂ )# 
They esKplain that dithiols form mercgptides of sufficiently low 
dissociability to reverse effectively the combination of heavy metals 
with sensitive cellular enzyme systems* These authors found that 
adminlstratim  of BAL to rabbits before lethal intravenous doses of 
eadmium chloride resulted in amelioration of symptoms of acute intoxi­
cation but death usually followed due to fatal renal insufficiency*
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even though Ilf© was prolonged (£1)* from the results of the®© 
studies it was concluded that ”BAL interacts with Gd** in vivo to form 
a mercsptlde of low dissociation which is susceptible to intracellular 
oxidation, but which in presence of excess BAL directs the metal to 
the kidney for excretion and thereby prevents poisoning of sensitive 
extra renal loeij the raereaptide, however by glomerular filtration and 
tubular reabeorptlon is concentrated in the epithelium of the renal 
tubule where intracellular oxidation results in the release of toxic 
amounts of cat**”

On the other hand, Cdt* is only scmewhai less active than M&++ or 
Mg+* in satisfying the metal requirements of the c<. ~c&rb axylases of 
yeast (55*56)* Purified oxal&eetic decarboxylase of the bacterium 
Micrococcus lysodeiktlcus requires a divalent ion* Cd** or HrrH- were 
the most effective coensymes of various cations tried (57) • In crude 
kidney extracts of prolinase (imino-dipeptidase), the hydrolysis of 
specific substrates was activated by Mn+* or Cd** (58) . Suda, et al*, 
have presented evidence to indicate that cadmiiun activates two enzymes 
concerned in the metabolism of L-h±stid±ne, L-hisiidine deaminase (59) 
and formyl̂ Î glutamlc defcrmylase (60),

The major pathways cf L-histidine utilization are (l) incorporation 
Into proteins, (2) excretion into the urine and, (3) degradation*
Of these the last pathway is quantitatively the most significant. This 
can be clearly seen from the experiments of Borsook et al« (61) and 
of Novak (62) in which on© hour after intravenous injection of isotopic
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L*.h±stidine into mice, about one-third of the radioactivity of the 
injected amino acid was found in the eagjired carbon dicsd.de.

Recent experiments have shorn that the degradation of histidine 
Involves# as the first step, the non-cocidotlve deamination of the 
ĉ -amino group j the product of this reaction is urocanic acid* The 
mxzjm catalyzing this reaction has been referred to as whistidase,u 
tthistidine-deaminasen or "histidine-<<-desaminase" by various investi­
gators* Ensyraatic conversion of L-histidine to urocanie acid with 
liver preparations were described as early as 1939 by several invest!- 
gators in Japan (63,614)* in animal tissues the ih vitro degradation 
of L-Mstidine through urocani© acid ha® been reported in preparations 
from rat and guinea pig liver (6£,66), and from the liver of several 
other species* When urocanic add is degraded by liver hcsaogenates or 
Pseudomonas fluoregcans extracts, a product is obtained which contains 
bound forms of ammonia, L-glutamic acid and formic acid* The latter 
acid® can be released by alkaline hydrolysis* The product of urocanic 
acid degradation has been identified a® formamido-L~glutamic acid by 
Tabor azid Mahler (67) and Borek and W&elsch (68,69) * The further de­
gradation of histidine beyond formamide-L-glutamic acid varies in 
different preparations. In liver hcmogen&tes (69,70) for example, there 
is very little degradation beyond this stage, even though the whole 
animal rapidly degrades histidine to carbon dioxide. Recently however, 
Ehudson (?l) has demonstrated the conversion of famamido-L-glutamic 
add to glutamic acid In rat liver extracts.
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2a contrast to the results with Hirer homogenates, Pseudomonas 
extract® rapidly convert histidine, urocanic acid, and fomamidoglutamie 
acid (65,67) to stoichi cans trie quantities of L-glutamie, formic acid, 
and ammonia* Recently, evidence has been presented (6?) that fornyl-L- 
glutamie acid Is the immediate precursor of the glutamic acid in this 
degradation by Pseudomonas extracts* In addition, Suda et ajU (60), 
have reported the isolation of the enzyme which hydrolyzes formyl-L- 
glutamic from guinea pig liver* (this source is much less active than 
the Pseudomonas extracts*) They have named this enzyme fcrmyl-L- 
glutamic def orrayl&se * The enzyme from Pseudomonas extracts which per­
forms the same function has been named glutamic formylase by Tabor (67X 
Other pathways of histidine degradation and the enzymes concerned, 
have been adequately reviewed (72,73)*

Glutamic formylase (67) is greatly activated by the presence of 
ferrous (?$*+) ions* On the ether hand, it is reported that after 
formyl-L-glutamic deformylase from guinea pig liver (6o) is dialyzed 
overnight the Inactivated enzyme is re-activated best by cadmium ions* 
These same authors have also reported that L-histidine deaminase from 
guinea pig liver is an SH-protein which requires cadmium ion as a co­
factor (59)*

Cadmium in Drinking Water
Currently, there is considerable interest on the effects of small 

amounts of cadmium la the drinking water* According to Garrity (7h), 
the electro-deposition of cadmium has developed rapidly in the past
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decade because* in contact with steal* It forms a protective galvanic 
couple superior to that provided try zinc* He also stated that because 
cadmium gives better protection than sine any finding that cadmium is 
safe In water works would be “welcome news*”

To our knowledge the mly reported experience of long duration of 
exposure of humans to cadmium in drinking water is that reported by 
Prtnei (75). He states* “Several individuals have been studied who shew 
evidence of longue ontinued cadmium absorption. ♦ #In the drinking water 
of these persons there has been found a cadmium content which averaged 
O.Gi*7 mg per liter# Both blood and urine levels in this group have been 
found to exceed 0*10 mg#1* Ho adverse effects of cadmium ingestion, 1 
other than the yellow cadmium pigmentation of the teeth* were noted by 
Prinei*

Authorities in seme cities have considered the use of cadmium of 
enough danger to regulate its use# In Detroit the local plumbing code 
prohibits the use of cadmium-plated pipes or fittings* while Hew York 
City prohibits the use of cadmium in food utensils and equipment (76) * 
There is no standard based upon experimental facts* and* as Muhlberger 
(77) has pointed out* the adoption of a standard for drinking water 
should await evidence concerning the toxicity of small amounts# For 
consumption of cadmium over the period of many years, the allowable 
quantity ingested may have to be less than that amount which causes 
disfiguring effects m  the teeth* (This is the basis of the existing 
Public Health Service fluoride standard*)



20

Although there has been much work done concerning the effect on 
animals of Intake of high levels of cadmium* both In food and water* 
to our knowledge* no studies have been carried oat on levels of cadmium 
which might reasonably be expected in drinking water# Neither has 
there been any study of the effects of long term ingestion of low con­
centrations of cadmium* nor has there been a systematic analysis of 
the concentration of eacknium retained in tissues of animals on such a 
regimen* For this purpose* the present study was begun under the 
support of a grant from the Public Health Service#

It was decided to use amounts of cadmium less than those which 
produce clinical symptoms of toxicity* in order to determine the effects* 
if any* of ingesting small ccmcentrations of cadmium for extended periods# 
It has been suggested that 15 parts per million or more of cadmium would 
produce nausea and vomiting In humans, and therefore the top level of 
cadmium chosen was 10 ppm* Since the highest concentration of cadmium 
regularly found in water (not used for (blinking) was 0*5 to 3.2 parts 
per million (li)* this was used as a guide for determining the concen­
trations of the lower levels*

It was not expected that a direct correlation between the effects
on rats and the effects to be expected in humans could be made* but It
was hoped that information could be obtained which would be helpful 
in the determination of an allowable cadmium concentration in drinking 
water#
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The isolation of the enzyme formyl-L-glutamie deformylase was 
also undertaken in m  effort to determine whether cadmium was really 
involved in the action of this enzyme. In addition, further character­
ization of this enzyme was made by mean® of the electrophoresis 
apparatus*
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EXPERIMENTAL

Part I* Chronic Toxicity Experiments

Rat Care and Bjets
Albino rats of the Prague -Bawley strain were 3k days old when 

©elected for these experiments# With the excerpt!on of the control 
group, the animals were divided into groups of sixteen rats with each 
group having an equal number of males and females. The control group 
contained ten males and ten females* At a later time, five males and 
three females were repeated on group II (0*1 part per million cadmium) 
since a large number of animals in the original grô p died. The 
average initial group weights are given in Table II,

TABLE XX 
INITIAL AVERAGE GROUP WEIGHTS

Group Number
Body Weight'

Males Female©
.. -...... . Jt.t_... - &« ... . .... .

X 98 102
II 100 92

!0G» 99*
III 103 96
XV 91 9$y 98 97
n 90 95

Average of all group© 97*7 96# 7

& Repeat© of Group II#
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the animals were boused in individual raised cages with the room 
tea$>eratur© maintained between 75 to 78 °C. All animals received 
ad libitum the Hoppert-Hnnt stock diet shown in Table III*

TABLE III 
COMPOSITION OF THE H««T-HtmT DIET

Constituent Per Cent by Weight

Ground yellow corn meal 32.5
Ground whole wheat 25.0
Powdered whole milk 22.5
Linseed oil 10.0
Alfalfa 6.0
Brewers yeast 3-0
Sodium chloride 1.0

The control group (Group I) was given distilled water ad libitum*
i

The other groups were given water containing different quantities of 
cadmium ad libitum, as shown in Table IV, prepared by diluting a stock 
solution of cadmium ehlorAd© with distilled water* Vfeekly records were 
kept of body weight and food and water consumption*

At the end of the first slat months period one male and one female 
from each group, I through VI, were sacrificed* Tissues were taken 
for pathological studies and for cadmium analyses* The rest of the 
animals in each group were sacrificed at the end of a year*s time* 
Animal© which died daring the experimental period were examined for 
gross pathological changes, and, in some cases, tissue sections were 
prepared*
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TABLE 17

caihiim G o m m u  m  m t m

Group Humber Cadmium Concentration

I 0,011 0*11X1tv Q*5O Cf
7 5.071 10.0

Cadmium chloride in distilled water calculated as parts 
per is&llion (ppm) cadmium ion*

A grcfup of rats (Group 711)cassisting of eight males and eight 
females w#®. given water containing $0 parts per million (ppm) cadmium̂  
all other treatment of these animals was the same as above, with the 
exception that the. rats were sacrificed at the end of three months. 
Initial and final body weights of these animals are given In Table 7*

TABLE 7
gbgwth m  m m  m m x m m  so im  tu

Initial V^ight
^erageteo^-_j^h|t[

81**
___(g»?... ... ̂

Kales Females Males females
£g*i___  (e-1 _ _

Males Females 
-...  (g.>

73 89 137 11*7 211 193
Average Vfeight Gain 

g,/rat/day

21*6 215

3*1 2*7 2*5 1*6 1.0 0.6

Bajt6 after essperiaent began.
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Blood studies Included determinablone of the total red and white 
©ell ccnmts* differential white ©ell ©omit and the determination of 
the hemoglobin c oneentrati on by a modified Sanford method (?8). Blood 
analyses m m  made at monthly intervale m  four males and foar females 
in each eaqperianatal grcep and on five males and five females in the 
control gr©\$>*

Bats at the age of six months and one year were killed with one- 
<3uarter ml. of H&Xatal (sodlum-ethyl (l-msthyl-butyl) barbiturate) in 
the thoracic cavity* Samples of the following tissues were taken* 
kidneys* adrenal glands* liver* spleen* heart* brain* stomach* duodenum* 
Ileum* colon* and cross-section of bone marrow of sternum and femur. 
Fixatives were 10$ saline-formalin and Camay1 s fluid for glycogen*

All of the tissues were stained with hematoxylin and eosin. Small 
portions of the liver* kidney and adrenal gland were stained with 
Best*© Carmine for glycogen and Sudan 1? for fat*

Weights of the liver* spleen mid kidneys were recorded.

liver* kidney and bone sassples were frozen m  solid carbon dioxide 
and kept in the deep freeae at -X5°C until analyses were performed. 
Whole liver and kidney sables were wet ashed in Phillips beakers*
ûn
All pathological studies were performed by the Department of Animal 
Pathology* M. S. II,, under the direction of Dr. Robert F, Langham.



26

It m s  found most satisfactory to add fifteen ml. concentrated sulfuric 
acid and fifteen ml, concentrated nitric acid to the tissue, then cover 
the beaker, and allow it t© stand overnight. The next day the beaker 
was heated on a hot plate; ten ml. portions of nitric acid were added 
until no more charring occurred, and the sample was almost colorless*
The volume was reduced to about ten ml, by strong heating and after 
eOH&ilng the beaker, the samples were titrated with sodium hydroxide 
to a yellow color using thymol blue indicator (pH 2*8)* (This step is 
critical to obtaining low blanks and accurate results*) The sasple was 
then diluted to 25 ml. with distilled water, and, depending on the 
expected cadmium concentration, either whole samples were analyzed or 
aliquots were taken* Saltzman* s micromethod for cadmium (79) was used* 
This method has the advantages that it can be applied to sasples contain­
ing as much as 5 to 10 mg* of common interferring metals and that no 
additional purification of reagents is necessary*

The procedure consists of extracting the cadmium with diphenylthio- 
carb&zone (dlthifcme) in chloroform, removing the cadmium ion from the 
eadmium-dithisime complex by eosplexing the cadmium with tartaric acid, 
and then by making the solution basic, re-extracting the cadmium with 
dithizone* The optical density of the pink solution of cadmium dithi- 
zonate in chloroform was determined at 515 mp, in the Beckman Model B, 
equipped with a special cell holder to accommodate Coleman matched 
tubes 15 mnu in diameter* A standard curve was obtained by carrying 
known concentrations of cadmium nitrate solutions through the whole
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procedure # Recoveries were run on tissues with known coneentratione 
of cadmium nitrate added before the ashing procedure# Recoveries 
averaged 95 bo 98 per cent* Blank® were also run on the acids used in 
ashing the tissues# Lew values obtained for control tissue blanks were 
subtracted frm concentrations of eadmim found in experimental tissues, 
the reagents used were 0* and were not further purified. Ordinary 
distilled water was used and no interferences £?m contaminating lone 
were noted* Uhdar our conditions the range of the working curve was 
frm 0*2 microgrsm to 10 micrograms of cadmium in the final solution 
of 15 ml* chloroform. Over this range Be©rfs law was followed; in 
fact there was only a small deviation for a 20 microgram standard 
cadmium solution.* the sensitivity of the method was 0*05 micrograms 
in a volume of 15 ml* Contrary to the findings of the published method, 
it was noted that the final chloroform solution lost color upon, stand­
ing as llbtl© as three hours at room temperature. Readings were there­
fore made iasaedlately after each sample was carried through the 
extraction procedure.

Rone samples may be analysed with the following modifications.
Ten ml. of concentrated sulfuric acid end tea ml* of concentrated nitric 
acid were added to a bone weighing approximately one gram. This mixture 
was heated on the hot plate, no longer than an hour and a half. At this 
time the solution was colorless, but there was a large amount of pre­
cipitate in the flask. After cooling the flask, 10 ml. of water were 
added and the sample was titrated with concentrated ammonium hydroxide 
to a yellow color with phenol red (pH 8*3). SoUd sodium citrate was
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thee added with constant swirling, mtil all the precipitate was in 
solution, (this usually took shout 16 grams of sodium citrate

239̂ 0) for a one gram heme#) The clear solution was trans­
ferred to a separatory funnel, and 10 ml. of dithizone in chloroform 
(the same concentration as was used in Saltaman*s procedure) was added. 
After shaking the funnel, the chloroform layer was drawn into another 
separatory funnel containing 30 ml. of 1 H HOI* the solution in the 
first separatory funnel was rinsed with 10 ml* of chloroform and after 
shaking the funnel, the chloroform layer was again drawn into the 
second funnel. After shaking the second funnel, the chloroform layer 
was discarded, and the solution was washed with 10 ml. of chloroform, 
which was also discarded. The solution of cadmium chloride was then 
neutralised with $JaOH to the thymol blue endpoint (pH 2*8} as described 
previously, and the solution carried through the usual Saltsmsn pro­
cedure.

Part IX* Basyme Studies

Preparation of Formyl-X-glutamic Acid
Fcrmyl-l-glut©mio/waldprepared from formic acid and L-glutamie 

acid according to Tabor and Mehler*s procedure (6?). It was found that 
the ethanol-benzene solution of forayi-L-glutamic acid described in the 
procedure must be left in the cold room at 5°&* several days in order 
for crystals to form, and that the beaker must be scratched occasionally 
during this time* Difficulty was experienced in trying to remove the 
benzene completely from the acid. The benzene was finally removed by
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lycphilizaticn of the confound for several hours. The melting point
was 112°C* j (m, pt# found by Tabor was 112°C.) and when mixed with

1known f cr l̂-L-glutastlc acid there m s  no depression of the melting 
point-*

Ascending chromatograms were ran in the following solvents and 
the following values were found, which agree well with mines given 
in the literature (67*80).

tpattTt? TTY

emcmTOGEAEHr m  l-csujtakic acid ahd fgrmsx-l-qldtamic acid

Oostpoiiud Solvent
t-Butanois’ 
Hf ¥alue

formicacid* fiScf' 
70115*15

tiaenoil: &oO
75*25

Fomyl-L-glutamic acid OmJk o*6i
L-glutamic acid 0.14* 0*31

Detection of L-gluhamic acid and foa^yl-l-glutaMc acid cn the paper was 
accomplished. as fellows# After air drying the chromatogram to remove 
the solvent, the paper was placed in a Jar with a small amount of con­
centrated HC1* After two hours the paper ms removed and allowed to 
remain overnight la air to remove the HG1 fumes* Both glutamic aeid 
and formyl glutamic (hydrolysed to glutamic acid by the HCl) were 
visualised by spraying with ninfcydrtn.
T"JI   —    ;...1.... .Obtained through the kindness of Dp* Herbert Tabor, national Institutes
of Health, Bethesda, Hd.
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Isolation of Formyl~L^lutamic Acid Befon̂ yXase
1Albino guinea pigs weighing from î OO to 700 grams were injected

intramuscularly with a suspension of L«*hlstidine monohydrochloride2 in
Masola (earn) oil* Che hundred rag. of histidine were injected per 100
grams of body weight* The animals were sacrificed 18 hours later by a
blow on the head* The liver m s  removed and an acetone powder prepared
immediately by homogenizing the fresh liver for m& to two minutes in
a faring Blender with five volumes of sold acetone (cooled to -30° to
4iO°C* with solid carbon dioxide)* The temperature of the preparation

ostayed batman 2 to 5 0* although the entire operation was done at room 
temperature * The suspension was rapidly filtered with suction using a 
Buchner funnel and Whatman no# 1 filter paper, and the precipitate 
was washed with two volumes of cold acetone, The solid was not allowed 
to dry on the funnel, but- was rehmogeniaed with five more volumes of 
cold acetone, filtered and washed m. the filter with two volumes of 
odd acetone* The filter cake ms allowed to stand on the funnel until 
it ms nearly dry and was then removed to a large sheet of Whatman no* 1 
filter paper and air dried after crumbling with the hands* The powder 
was then kept in the deep freeze at **2G°C * until needed. The yield of 
acetone powder was 31.6$ (18 grams of acetone powder from 57 grams wet 
might of liver).

T̂he" guinea pigs were obtained through the kindness of Ik*. L. P.
Hedeman of the Michigan State Health Department, Lansing, Michigan.
\  (*) histidlne-monohydrochloride, C* P. (monohydrate) * Pfanstiehl
Chemical Company, Waukegan, Illinois*
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An initial attest to isolate f©rsyl-L~gXuiemle deformylas© by
tbs procedure of Suda et aL* (60) resulted in a preparation with no
activity- Therefore, various modifications of the preparation were
tried* The procedure outlined below resulted In an acetone powder of
the highest activity* All solutions were made up in glass redistilled

JZwater* The acetone powder was extracted with SO volumes of £ x 10 M 
phosphate buffer, pH 5*6. The powder and buffer were rubbed together 
in a mortar and pestle* Tbs mixture was transferred to a beaker and 
stirred slowly with a mechanical stirrer for1 two hours at room
temperature* This mixture was then centrifuged* A two per cent sola-

1tion of protamine sulfate was added with continuous stirring until 
the rati© of the optical density of the supernatant at 280 to 260 ran 
was about 0*8* The volume of protamine sulfate required was about 
0*1 the volume of the crude protein solution. After centrifuging, the 
supernatant was heated in a beaker for ten minutes at 50°C. The selu­
tion was brought to 50° by rapidly heating the beaker in a water bath, 
with ccmtinuous stirring, during the ten minutes time* The mixture 
was then cooled quickly to 20°G* (la an Ice-salt bath) and centrifuged. 
The above operations except where stated otherwise were carried cut at 
room temperature*

The following acetone fractionations of the protein solution were
ocarried out in the cold room at % C* One-half volume of cold acetone

rrotamim sulfate, Nutritional Biochemicals, Inc* Two grams of pro­
tamine sulfate were dissolved in a small amount of water with the 
addition of two drops of 10 N NaOH, the solution neutralised t© pH 
g.O with acetic acid and made up to 100 ml.
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{4i©°G*) asm added to the supernatant (the heat-treated enzyme) .
A precipitate formed which me centrifuged and discarded, A volume 
ut odd acetone time then added to the supernatant, equal to the volume 
of the supernatant and the mixture m s  again centrifuged. The super­
natant was discarded, and the precipitate obtained from this second 
acetone precipitatlm was dissolved in a volume of redistilled water 
equal to that of the original extract. The mixture was centrifuged 
and the precipitate discarded. To me volume of the supernatant con­
taining the aeetone-fractimated enzyme, one-half volume of saturated 
arsftonium sulfate was addedj the pH was adjusted to 5*0 with 2$ per cent 
acetic acid.^ The beaker containing the solution was covered and left 
in the cold room overnight. The next day the mixture was centrifuged 
and the supernatant discarded. The precipitate was put Into water
solution, in 0,1 the volume of the original crude extract, and the pH

2adjusted to 7*0 with 1 H HaGK, The solution was dialyzed against
redistilled water in the cold room for two hours. During this time 
the water was changed <mce. The material in the dialysis bag was 
centrifuged and the m^emaiani designated as the two-hours-dialyzed 
enzyme.

Determination of Bn&ymatio Activity
One ml, aliquots of the enzyme solution at various states of 

purification ware incubated with 0,5 ml* phosphate buffer
1" "   ̂ rft 11 pH det©rmin&tions were made with the Beckman Model H-2 pH Meter, 
with the glass electrode.
\h© dialysis was carried out on the rotating external dialyzer.
Visklng tubing was used as the dialysis membrane*
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1 , - 1 (2 x 10** H, pH 5*6) , 0*2 ml* of 10 K forsyl-L-glut smtc acid
(neutralized to pH 6.0 with HaGH), 0*2 ml* of metal ion solution

added) and enough redistilled water to make a total volume of two
2ml# The concentrations of metal ions used were 10"* M cadmium sulfate 

solution, 2 x 10 H cobalt(cue) chloride solution and 10“* H ferrous 
sulfate solution* The mixture was incubated in a 25 ml» Srlenmeyer 
flask, which had a ground glass joint* The flask was attached to a 
Warburg laanosicter with rubber bands by mans of a metal collar attached 
to the outside of the neck of the flask and the vessels were shaken in 
the constant temperature bath of the Warburg apparatus for one hour at 
3? C* Nlnhydrin positive substances were determined at the beginning 
and end of the incubation period and the increase, glutamic acid formed 
from the hydrolysis of forwyl**l̂ glutamic acid, was calculated* Enzyme 
with no siibstrate present, enzyme and metal ions with no substrate 
present, and substrate with no enzyme added were run as centrals.

Determination of Glutamic Acid11 IIM— Jnmil— — «»■»"— ' I—-Hi HIHW »—.1— — ■

Glutamic acid was determined by the ninhydrin method of Troll and 
Canaan (81)* One-tenth ml* of the sample, containing from 0*05 to 0*8 
u mole of amino acid, one ml* potassium cyanide -pyridine reagent and 
one ml* of 80 per cent phenol reagent were added to Folin-Wu sugar 
tubes* Two-tenths ml* of the ninhydrin reagent was added to each tube 
and the rack containing the tubes was immediately placed in a boiling 
water bath for four minutes* The tubes were cooled in cold running 
water and made up to 12*5 or 25 ml* with 60 per cent ethyl alcohol.
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Under these conditions formyl-L-glutamie acid alone gave no more color 
than the reagent blank. Aliquots of the incubation mixture were 
analysed in triplicate* and solutions in which protein was precipitated 
(crude enzyme extracts) were centrifuged after dilution with the 
alcohol* the optical density of the solutions was determined in the 
Beckman spectrophotometer Model B at $70 mp* using the cell holder 
adapter with 15 mm. diameter Coleman cells or the regular carriage with 
me cm# eorex cells* the concentration of glutamic acid in the unknown 
was read from a standard curve* prepared from nlnhydrin determination 
of known concentrations of L-glutamic acid*

Formic Acid determination
Formic acid was determined by the method of Pickett (82). Formic 

acid was oxidized using 0.5 M mercuric acetate In 0.1 N hydrochloric 
acid. The carbon dioxide formed was determined roanometrieally with a 
standard Warburg apparatus. For the reaction to go to completion* the 
time required was six to eight hours at 3T°G. in the Warburg apparatus. 
Due to the difficulty of running large numbers of samples and the time 
required for each sample* formic acid was not determined routinely.

Protein Determination
Protein was determined either by the method of Warburg and Christian 

(83), by the biuret method (81a)* or by both methods* Warburg and 
Christian*s method depends on the detemination of the ratio of the 
optical density of a protein solution at 280 to 260 mp, For a solution 
containing only protein, this ratio should be about 1*60 to 1.75*
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The optical densities were determined an a solution of 0.5 ml* of the
2sample and either five or ten ml. of phosphate buffer (5 x 10"* M, 

pH 5*6) in the Beckman D, U. using one cm* silica cells* A standard 
curve was prepared using dilutions of either bovine serum albumin1 or 
standard casein solution. One can also calculate by means of Warburg % 
factor that for a on© cm. cell and a 280;260 ratio of 1*75, optical 
density x 1*10 x dilution factor * mg* protein per ml* solution.

In order to determine protein concentration by the biuret method, 
0*5 of the protein solution and either 2*5 or 5*0 ml* of biuret 
reagent were added to a test tube, the tube was stoppered and mixed 
gently by inversion several times* The mixture was allowed to stand 
at room temperature for at least 15 minutes, and the optical density 
determined at $k$ mp. in the Beckman B in one cm* corex cells, tinder 
these conditions, protein concentration up to 15 mg. per ml* may be 
determined with 2*5 ml. biuret reagent and protein concentration up to 
30 mg* per ml. with 5*0 ml* biuret reagent* Very good agreement was 
obtained with protein concentration determined by all of the described 
methods*

1Bovine plasma albumin, 35 per cent solution. Armour laboratories, 
Armour and Go*, Chicago, Illinois*
2Twelve grains of air dried casein and 1*0 ml* of 0*2 M NaOH were added 
to distilled water* The mixture was shaken mechanically until the 
casein dissolved and the solution was made up to 200 ml. The per cent 
protein was corrected for the moisture found by drying another sanqple 
in the oven at 100°C*
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Elec t r gphore t ic Studieŝ
The material designated as two-hour-dialyzed enaym® was dialyzed

against redistilled water for three more hours in the cold room* The
water was changed twice and after this time, a portion of the solution
outside the dialysis hag gave no precipitate with barium chloride
(test for sulfate ions). The volume of the solution In the dialysis
bag (20 ml#) was reduced by per-evaporation at room tenqperature to 10
ml# After this solution was dialyzed for 12 hours at 5°G# against

2phosphate buffer# pH 7*0# the solution was subjected to electrophoresiŝ

and conductivity measurements were made on the buffer and the solution* 
The remainder of the solution was dlalysed against redistilled water 
for about three hours until a portion of the solution outside the bag 
gave no yellow precipitate with ammonium molybdate (test for phosphate
ions)* The solution, in the dialysis bag was then dialyaed against

3Veronal buffer# pH 8*6 for 12 hours# and the dialysate subjected to 
electrophoresis as before*

 1 1....   1...—I wish to thank Mr* Harald Nielsen and Mr* Rashid Anwar# who very 
kindly performed the electrophoresis experiments * Sehlieren diagrams 
and mobility data were obtained by use of a Tiselius electrophoresis 
instrument# the Perkin-SSlraer Model 38* Conductivity measurements were 
made with a Model RC-IB conductivity bridge manufactured by Industrial 
Instrument# Inc*, Jersey City, New Jersey* The conductivity cell 
supplied by F@rk±n-Elmer had a cell constant of 0*1*893*
2Phosphate buffer pH ?#0 made from 0*925 gram® NaHgPÔ .HgO, it*77 grams 
of Ns«HP0^.12Hq0 and 8*78 grams of NaCl made up to one liter. The 
Ionic strength was 0*19#
oVeronal buffer pH 8*6 made from 21*20 grams of 5,5 diethylbarblturic 
acid (CgH^oNo^v grams of sodium hydroxide made up to one
liter# Tne Ionic strength was 0*1.
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Chromic Toxicity Study
The group average body weights of rats at various periods are 

presented in Table VII and the group average weight gains in Table VIIL 
It can be seen that there were no differences between groups as to the 
amount of weight gained (Groins I through VI)* Values for the average 
food consumption of rats receiving cadmium in the drinking water are 
given In Table IX* A® would be expected, the male rats ate more food 
than the females, but there was no difference In food consumed by the 
same sex in on© group as compared with another*

The average water Intake for each period is given in Table X. 
Regardless of the weight difference between males and females, there 
was no difference In their water intake* Therefore, the water Intake 
is given as the grovp average, In ml* per day* These values are in the 
same range a® values given for water consumption of controls in an 
experiment (85) concerning toxicity of germanium*

The total cadmium intake during each period, in Table XI, was 
calculated frcm the water intake* The total amount of cadmium Ingested 
during the year1® exposure is also given*

An analysis of variance which was carried out on all blood data 
obtained at the end of on® year* s administration of different quantities 
of cadmium showed no significant differences between any cf the experi­
mental groups and the control groups* The average value of the hemo­
globin was 15*5 grams per 100 ml. of blood.
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TABLE XX
AVBRAGB GAIMIUM BREAKS CT BACH GROUP

Group
Humber

During Bxperimental Period 
pg*Cd*/rat/ day*

Total Intake for One Tear 
mg*Gd*/rai

I 0 0
XX 3*1 1*132
XXX 15*9 5.750
IV 82*1* 25.82
V 150*2 $1**36
VI 276*2 100*0

Cadmium (a© cadmium chloride) calculated from the water
ccns*miptlc&*

Bata for rats receiving 50 ppm of cadmium (Group VII) are presented 
separately in Table V* These rats were not pert of the chronic tcacicity 
experiments, tout were started in order to cospare the results obtained 

with a cadmium level which was thought t© toe high enough t© enable the 
rats to show gross signs ©f toxicity. It can be seen that, compared 
to the average weights of the first six grotps, rats receiving 50 ppm 
cadmium were stunted in growth*

Teeth of seme of the rats receiving 50 ppm of cadmium showed the 
typical bleaching response as reported toy Ginn and Volker (32)* Rats 
frcaa Groups I through VI were checked periodically for this bleach­
ing, but no evidence of it was found*
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Th© average water intake of the rats receiving $0 ppm of cadmium 
was mly ll̂ ml* per day. this was roughly one-half of the water con- 
suwption of the ether groups* The food intake of this group of rats 
was also less than that of the animals drinking lower concentrations 
of cadmium*

The blood hemoglobin of rats in Group VII dropped within two 
weeks to 8*0 grains per 100 ml* of blood and stayed between 7*7 to 9*0 
grams for the remainder of the three months period* Microscopic 
studies showed marked ©nisocytosis, with many* microcytic, hypochromic 
red blood cells and polychram&sia with eight to ten nucleated red 
blood cells per 100 white blood cells*

The pathological changes described pertain to those of Groups I 
through VI. Pneumonia was the most important change observed xri all 
the various groups of rats* The disease was occasionally accompanied 
by a pleuritis and an empyema* The pneumonia appeared in the controls 
and various levels of eackaium as follows*

Levels of 
Cadmium
Controls

taiaber of Number with For Cent with
Bats Pneumonia Pneumonia
22 13 59

26 18 69
16 12 Ih.16 12 Ik
16 11 69
16 12 7k

0*1 ppm
0.2$ ppm
0*5 ppm 
5*0 ppm 
10*0 ppm
In addition to the pneumonias* me rat had a pleural tumor which 

was diagnosed as a squamous cell carcinoma and another rat had an 
undetermined nervous disturbance. The various levels of cadmium did
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not produce any recognizable microscopic changes in the various organs.
Systematic studies of pathology were not performed on tissues from

rats receiving $0 ppm cadmium, hut several animals were observed for 
gross pathological changes and none were noted#

Cadmium Analyses of Liver and Kidney
The tissue cadmium content of the kidney is given in Table XIX 

and that for liver in Table XIH# Analytical values fear tissue 
c&dteium la animals receiving cadmium for six months are given in terms 
of jag* cadmium per gram wet weight tissue, since portions of the live? 
and kidney were analyzed and weights of the whole tissues were not 
recorded# It will be remembered that the six months values were 
obtained from only two rats# therefore, averages of these groins do nest 
have as much significance as the values from the twelve months period. 
The values for tissue cadmium following twelve months exposure to 
cadmium are presented both as jug. cadmium per gram tissue and jag. 
cadmium in the whole organ* It can be seen that as the cadmium content 
of the drinking water increased, the amount of cadmium retained in the 
kidney incre&ed. In most cases, tissue cadmium concentration was 
roughly proportional to the increase in the cadmium content of the 
water* For example, ingestion of $»0 ppm resulted in a deposit of 52 
jig. of cadmium in the kidney per gram tissue whereas 2#5 ppm resulted 
in an average cadmium content in kidney of 26 jag. The cadmium concen­
tration per gram wet weight of kidney at the end of a year was about 
2*5 times as much as at the end of six months, whereas in liver the
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TABLE XXI 
0AX6OTM COSGOTMTXClf IH BAT KUMM

Group ppm Cd* Jtg*Cd*/g. Met Tissue Mb* j&g.Cd* Total Organ
Humber in Mater 6 mmths 12 months* 12 months

I 0 0 0 0

u o a 0 1,68(1,39-2.10) 3.M*

TTTim Amtt 0*5 k*$Q
(1.72-7.35)

5.83
(2.1*U-8.91) 11.3

ffi 2*5 10.1
(7.25-12.9)

Z$ *9 {liuS>"40*2} 1*7.6

y 5*0 17.6
(12.8-22.3)

51*8
(k9*k~$6*9)

£h*6

¥1 10*0 30.2
(28.6-31.9

63*6(57.1-112*8)
l?lt*0

Values in parentheses are the range of values stained*

# These are the average values frm li, 5 or 6 rats in each 
grew#

cadmium concentration at the end of the 12 months was about double the 
level at the end of six months*

If one compares the jag* cadmium per gram in the kidney and liver, 
it will be seen that there m s  more cadmium retained in the kidney*
In fast, there was from two to three times the amount of cadmium re­
tained by the kidney as by the liver* Usually, however, the total 
cadmium content of the liver was equal to or greater than the cadmium 
level of the kidney, because of the larger weight of the liver.
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TABLE XHI 
CUUHRM GOSCEHTRATIOH BJ BAT LIVER

Qrmp p|M jxg*Cd*/g* Wet Tissue Wfc« jignCd# total Organ
Kttniber in W&ter 6 months It months* 13 months

I 0 0 0 0
11 0*1 0 0.23

(0.16-0.2?)
2.32

m , 0*5 0.50
(0.16-1.56)

1.09
(0.3U-1.22)

9.18

m  t*$ 3.80
(3.67-3.91)

6.11
(3.71-10.3)

1*9.1*

V 5.0 7.50
(7.27-7.72)

' 16.3 
(11.3-21.0)

11*1.0

n  lo.o 20.2 39.1 3U1*. 8
(13.6-26.8) (27.8-58.8)

Values In parentheses are range of values obtained.

* These ere the average values from li, 5» or 6 rats la 
each group.

Table 117 caspares the total concentration of cadmium present In 
the liver and kldaty and the per wart of the total ingested cadmium 
that each tissue retained. The per cent of the cadmium Ingested which 
was retained by both the kidney and the liver ranged from 0.3 to 0.5 
par cent. The percentage of eaaulum retention was also calculated from 
tissue analyses of the rats which received 50 ppm. These values are 
nob directly censurable with the other groups, since tee rate receiv­
ing 50 ppm accumulated the element for only three months, whereas the 
values for the other groups were obtained at the end of a year's
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exposure# However, the data do show that, except after administering 
0*1 ppm. ©f cadmium, the kidney retained about the same per cent ofSm m m  mMrmhm*

the Ingested dose regardless of the © oneentrati on of cadmium in the 
water* C& the other hand, the per cent of the ingested cadmium stored 
in the Hirer seems to Increase with an Increase ±n dietary cadmium* 

Fooled samples of blood from rats receiving $0 ppm were analysed 
fm cadmium content# The concentration found was 11*5 Mg# per 100 ml 
of blood* If one assumes a blood volume of 6*? ml* per 100 grams of 
body weight (86), then these rats, when sacrificed, would have had a 
blood volume of ll* to Id ml*, and the cadmium content in their total 
blood volume would be only l*h to 1.6 jug* per rat* Because of the 
difficulty of obtaining enough blood from the rats on the chronic 
toxicity study, no blood cadmium analyses were made on these groups, 
but It can be assumed from the results given above that the cadmium 
concentration of the blood would be insignificant, except perhaps la 
rats receiving the 10 ppm of cadmium in water.

trm the results of the chronic toxicity experiment, it can be 
seen that the presence of cadmium in the drinking water had no effect 
cm growth rate, food consumption, water ccasaaption or blood composition* 
This finding was net unexpected since the levels of cadmium were 
deliberately chosen to be those which might be as high as would occur 
in drinking water, but not high enough to cause any obvious signs of 
acute toxicity. It is obvious that the maximum allowable concen­
tration of cadmium In drinking water would have to be much below the
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level necessary to cause erne©is end, also, probably below the level 
necessary to cause the appearance of a yellow ring on the teeth.

However, frcm the resalts of the analyses of tissues for cadmium 
it can be seen that the element is deposited in liver and kidney, 
even on the lowest c<xxeentrati cn level administered, 0*1 ppm* Since 
the concentration of cadmium in the tissues at the end of twelve months 
was roughly twice the amount in the tissue at the end of the six 
months feeding period, it might be assumed that in cases of continual 
ingestion of chinking water, that the amount In the tissues would be 
a reflection of the length of time that the water had been consumed,

The question of whether the amount of cadmium which is stored 
in the tissues Is detrimental to the health of the animal is more 
difficult to answer* It is true that there were no noticeable effects 
m  animals receiving any of the concentration of cadmium for a year*
On the other hand, there could well be harmful physiological effects 
either to the animals themselves or to their offspring which were not 
measured by the criteria used in this experiment# the effect of 
ingested eattnium on ensyra© systems present in these animals was not 
ascertained, There is the possibility that ingestion of cadmium would 
affect ©cm  emym&s which are either activated or Inhibited by cadmium* 

As was noted in the results, we were troubled by many cases of 
pneumonia* It was not possible to determine whether the cadmium had 
anything to do with the incidence of pneumonia* The incidence of the 
disease In the control group was probably not significantly lower than 
the incidence in rats which had cadmium in the drinking water.
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It cm be said that the presence of e&d&iusi in drinking water 
had no effect on the rats, as measured by the criteria of growth 
rate* food end water intake or blood studies, this study gives 
liaf crm&ticn on the chronic toxicity of cadmium in drinking water in 
relation to rats* but more work needs to be done before these data 
cm be translated into a standard for drinking water for humans*

Tables HT and XVI present the activity obtained with the most 
purified preparation of fon^yl^L-glutaMc deformylase* Table X? lists 
the volume and the protein coneentrati an in each fraction of the 
purification procedure, while Table XVT presents values for the 
enzymatic activity of the crude enzyme and the purified enzyme which 
had been dialyzed for two hours*

One c m  calculate that the specific activity increased 11*2 times 
when the crude extract was purified to the state of the dialyzed 
enzyme* This is about one-half the increase in specific activity 
(21.7 times increase) obtained by Suda (60) using a similar purifica­
tion procedure for the enzyme* It can be seen that Go#* activated 
the enzyme slightly* On the other hand, Gd*+ and Fe+* decreased the 
activity slightly although the decrease obtained with Gd*+ may not be 
significant* F«** was tried as a co-factor since Tabor has reported 
that it activated the formyl-L-glutamic deformylase obtained from 
Pseudomonas fluorescans cells* Suda et al* reported that Fe*+ 
inhibited the enzyme from guinea pig liver unless ascorbic acid was
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TABLE X?
PURIFICATION CT FCEHH^L^LtJTAKiG BEFCBHTLASE

folvm Protein Concentration
.—., . -.. ...... al* m&./m1*
Grade extract 290 17*5
Protamine ppt. 310 15.0
Beat treated 270 12.5
Acetone fractionated 290 5*7
Ammonium sulfate fractionated 2$
X&alyssed 2 hoar# 26 1*29

TABLE mt
EN2XMATIC ACTI7ITT

pk OiSStc 
Acid Formed 
Per Hour

specific Activity**

Crude enzyme 10.2 0.563
Bl&lyzed 2 hoars enzyme B.h 6M

» ♦ Co*4 10.0 7*72
» * Cd** f.a 6.02
e * Pe’”’’’ T.O 5 M

-IThe incubation mixture consists of phosphate buffer (pH 5*6, 2 x 10 
M.) 0,5 ml.f fjwl-L^glutamlc acld(10~x M) o.2 ml.! metal lone 
(C©**, 2 x 10“ M) Cd , 1CT* Hj F©4*, 10^ M) 0.2 ml., if added) 
enzyme 1.0 ml.) and redistilled water to ms&e a total volume of 2 ml 
The crude e&ayme contained If.5 mg* protein/ml*, and the dialyued 
2 hoars $mym contained 1.29 mg* protein/ml*

* %©clfic activity represents p. moles of £ors$rl-l-glutam±c
acid decomposed ’fcgr 1 mg* of protein at 37°C* for one hoar.
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added with the iron. They explained that perhaps the presence csf 
ascorbic acid prevents coddatien of Fe** to Fee**, The effect of 
ascorbic acid was net tried in oar determinati am of enzymatic 
activity*

bailee (8?) has classified enzymes which have metal ions as co­
factors as laetall oenaym© © or met&l-enzyme complexes • A install oemsyme 
is defined as an enzyme with a metal attached firmly and uniquely In 
such a manner that dialysis or other gentle means will not destroy 
th® binding between the metal and the crayon* During purification* 
the ratio of metal to enzyme-protain increases. With complete purifi­
cation, a protein homogeneous by physical-chemical criteria is obtained, 
and the ratio of metal to protein becomes constant. The metal, in all 
instances Mown thus far, is a reactive grĉ p of the enzyme molecule, 
and removal of the metal results in irreversible inhibition. However, 
the addition of ions of the bound metal or any other metal to the 
highly purified metalloenayme may resalt in lowered, raised, or identi­
cal enayme activities, but this is not necessarily a guide to the 
presence or function of the întrinsic1* metal. According to Fallen, 
metals in meialloensymes belong t© the first sad second transition 
group of the periodic system.

Characteristics of metal-enzym© complexes are that the metal is 
bound loosely to the protein and dissociates readily. The apoenzyme 
©an be readily stained metal-free and the binding is therefore much 
weaker than that in metalloenzyme s. Removal of the metal by dialysis 
may lower the activity and the activity may then be increased by 
adding back the same metal, or other metal lone*
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It can be seem that it is difficult to establish whether or not 
a given metal may be the physiologically active0 metal in an enzyme 
reaction, unless complete analyses of several metals are carried out 
simultaneously as the enzyme preparation Is progressively purified. 
This is the approach taken by Valles and his co-workers and is usually 
satisfactory only with the metalloenzymes •

In this experiment m  enzyme preparation was obtained which, 
judging from electrophoretic data, contained one corponent. It is not 
possible at this time to say which metal, if any, is concerned with 
this enzyme la the w natural0 state*



ELECTROPHORETIC PATTERNS (TRACED) OF AN ACTIVE 
PREPARATION OF FORMYL-L-GUJEAMIC DEFQRMYLASE

ASCENDING DESCENDING

Figure 1.

2 mg. protein per ml. in 0.02 M phosphate : jffer pH ''.0 and 
M NaCl , 7200 sec.j^pot. grad. P. 21 vcits cer cm., 

mobili , 2.7 x 1 0 cm. per volt per sec.
2 mg. protein per ml. in 0.02 M phospnate buffer pH 7.0 and 
3.15 M NaCl, lMtOO sec.^ pot. grad. 5.21 volts per cm., 
mobility 2.5 x 10"5 cm. per volt per sec.
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X* Five gpmg® of rate wear© adiidnistered different concentrations of 
c&ckBium, between 0*1 to 10*0 parte per million, In the drinking 
water* Baring a m& rear experimental period, there were no dif­
ferences between thee© groups or the controls a© to the water 
intake, food eenminptle% or weight gain*

2* An analysis of variance on the blood composition data obtained at 
the end of me year1© tin© showed no significant differences be­
tween any of the experimental greats and the cmtrol group*

3* A group of rats which were given drinking water containing fifty 
parts per million cadmium for three mf«Thh« drank only me-—'half of 
tto amount of water consumed by the other groups* In addition, 
their growth was stunted and bleaching of the teeth was evident*

h* Hemoglobin values fm rats receiving §0 parts per million cadmium 
averaged 8*0 p n  per ICO ml* of blood as compared with an average 
value of 15*5 grata® per I0O ml. of blood fm controls and for rats 
receiving 0*1 to 10*0 parts per million cadmium.

5* Liver and kidney samples were analysed for cadmium content at the 
end of six months and at the end of a year*s emsusptim of the 
various concentrations of cadmium* When the results were calculated 
m  pg* cadmium per gram wet weight tissue, the kidneys were shown 
to have retained two to three times the amount of cadmium as was



55

retained by the liver* However, the total amount of cadmium in 
the liver was usually equal to or greater than the cadmium content 
of kidney because of the larger weight of the liver *

6# The cad&Etm content in pg* per gram tissue of either liver or 
kidney increased with the eadmissa intake, usually in direct pro­
portion to the cadmium intake* In addition, values for tissue 
content obtained at the end of a year’s exposure to cadmium, were 
reugg&y double those detained at the end of the six month’s period, 
-g&lch suggests that the amount of cadmium retained depends m  the 
length of time that cadmium-containing water is ingested*

7* The enzyme fer&yl~b~glutsmAc deformylase was isolated from guinea 
pig liver* The specific activity of the enzyme was increased 11*2 
times during purification from the crude extract* As judged by 
data dbt&ined froa electrophoresis of the purified ensyxae in both 
phosphate and veronal buffer, there was on© component present in 
the purified preparation* This component was probably identical 
with the active enzyme.

3« The activity of the purified ®m$m was enhanced by Co**, whereas 
Gd** and Fe#* depressed the activity slightly. Hhioh of these metal 
lew, If any, is concerned with the “natural enzyme" can not be 
said at this time*
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