
Invitation for Nominations for 1968
American Institute of Nutrition Awards

Nominations are requested for the 1968 
annual awards administered by the Ameri
can Institute of Nutrition to be presented 
at the next annual meeting. Nominations 
may be made by anyone, including mem
bers of the Nominating Committees and 
non-members of the Institute.

The following information must be sub
mitted: (1) Name of the award for which 
the candidate is proposed. (2) A brief con
vincing statement setting forth the basis 
for the nomination and, where appropriate, 
a selected bibliography which supports the 
nomination. Seconding or supporting let
ters are not to be submitted. (3) Five 
copies of the nominating letter must be 
sent to the chairman of the appropriate 
nominating committee before October 1, 
1967, to be considered for the 1968 awards.

General regulations for A.l.N. awards. 
Membership in the American Institute of 
Nutrition is not a requirement for eligibility 
for an award and there is no limitation as 
to age except as specified for the Mead 
Johnson Award. An individual who has 
received one Institute award is ineligible to 
receive another Institute award unless it is 
for outstanding research subsequent to or 
not covered by the first award. A Jury of 
Award composed of A.l.N. members, which 
makes final selection and remains anony
mous, may recommend that an award be 
omitted in any given year if in its opinion 
the work of the candidates nominated does 
not warrant the award. An award is usu
ally given to one person, but, if circum
stances and justice so dictate, a Jury of 
Award may recommend that any particu
lar award be divided between two or more 
collaborators in a given research.

Presentation of awards will be made 
during the banquet at the annual meeting.

1968 Borden Award in Nutrition
The Borden Award in Nutrition, con

sisting of $1000 and a gold medal, is made 
available by the Borden Company Founda
tion, Inc. The award is given in recogni

tion of distinctive research by investigators 
in the United States and Canada which 
has emphasized the nutritive significance 
of milk or its components. The award will 
be made primarily for the publication of 
specific papers during the previous cal
endar year, but the Jury of Award may 
recommend that it be given for important 
contributicns made over a more extended 
period of time not necessarily including 
the previous calendar year. Employees of 
the Borden Company are not eligible for 
this award nor are individuals who have 
received a Borden Award from another 
administering association unless the new 
award be for outstanding research on a 
different subject or for specific accom
plishment subsequent to the first award.

Former recipients of this award are:
1944 -  E. V. McCollum
1945 -  H. H. M itchell
1946 -  P. C. Jeans and

Genevieve S team s
1947 -  L . A. M aynard
1948 -  C. A. Cary
1949 -  H. J. Deuel, Jr.
1950 -  H. C. Sherm an
1951 -  P. György
1952 -  M. Kleiber
1953 -  H. H. W illiam s
1954 -  A. F. M organ and

A. H. Sm ith

1955 -  A. G. Hogan
1956 -  F. M. Strong
1957 -  no aw ard
1958 -  L. D. W righ t
1959 -  H. Steenbock
1960 -  R. G. H ansen
1961 -  K. Schw arz 
1962- H .  A. B arker 
1963 -  A rth u r L. Black 
1964- G .  K. Davis
1965 -  A. E. H arper
1966 - R .  T. H olm an
1967 -  R. H. B am es

N o m in a t in g  C o m m it t e e :
P . H . W e s w ig , Chairman 
K. E. H a r sh ba r g er  
R . T. H o l m a n

Send nominations to:
D r . P . H . W e s w ig
Department of Agricultural Chemistry 
Oregon State University 
Corvallis, Oregon 97331

1968 Osborne and Mendel Award
The Osborne and Mendel Award of 

$1000 and an inscribed scroll has been 
established by the Nutrition Foundation, 
Inc., for the recognition of outstanding re
cent basic research accomplishments in 
the general field of exploratory research 
in the science of nutrition. It shall be 
given to the investigator who, in the 
opinion of a Jury of Award, has made the
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most significant published contribution in 
approximately the calendar year preceding 
the annual meeting of the Institute, or 
who has published recently a series of 
papers of outstanding significance. Nor
mally preference will be given to research 
workers in the United States and Canada, 
but investigators in other countries, espe
cially those sojourning in the United States 
or Canada for a period of time, are not ex
cluded from consideration.

Former recipients of this award are:
1949 -  w. c. Rose
1950 -  C. A. E lvehjem
1951 -  E. E. Snell
1952 -  Icie M aey Hoobler
1953 — V. du  V igneaud
1954 — L. A. M aynard
1955 -  E. V. McCollum
1956 -  A. G. H ogan
1957 -  G. R. Cowgill
1958 -  P. Gyorgy

1959 -  Grace A. G oldsm ith
1960 -  N. S. Scrim shaw
1961 -  M ax K. H orw itt
1962 -  W illiam  J. D arby
1963 -  Jam es B. A llison
1964 -  L. E m m ett Holt, Jr.
1965 -  D. M. Hegsted
1966 -  H. H. M itchell
1967 -  Sam uel Lepkovsky

N o m in a t in g  Co m m it t e e :
A l e x  B l a c k , Chairman
L . E . H o l t , J r .
M . K . H o r w it t

Send nominations to:
D r . Al e x  B la c k  
Pennsylvania State University 
Agricultural Experiment Station 
University Park, Pennsylvania 16802

1968 Mead Johnson Award for 
Research in Nutrition

The Mead Johnson Award of $1000 and 
an inscribed scroll is made available by 
Mead Johnson and Company to an investi
gator who has not reached his 46th birth
day during the calendar year in which the 
Award is given. Selection by the Jury of 
Award will be based primarily on a single 
outstanding piece of research in nutrition 
published in the year preceding the annual 
meeting or on a series of papers on the 
same subject published within not more 
than the three years preceding the annual 
meeting.

Former recipients of this award are:
1939 -  C. A. E lvehjem
1940 -  W. H. SebreU, Jr.

J. C. Keresztesy
J. R. Stevens 
S. A. H arris 
E. T. S tiller
K. Folkers

1941 -  R. J. W illiam s
1942 -  G. R. Cowgill
1943 -  V. du V igneaud
1944 -  A. G. Hogan
1945 -  D. W. Woolley
1946 -  E. E. Snell

N o m in a t in g  C o m m it t e e :

1947 -  W. J. D arby
P. L. Day
E. L. R. Stokstad

1948 -  F. L ipm ann
1949 -  M ary S. Shorb

K. Folkers
1950 -  W. B. Castle
1951 -  no aw ard
1952 -  H. E. Sauberlich
1964 -  J. S. D inn ing
1965 -  J. G. B ieri
1966 -  M. D aniel L ane
1967 -  W. N . Pearson

A. R . Ke m m e r e r , Chairman 
L. M. H e n d e r s o n  
H . E . Sa u b e r l ic h

Send nominations to:
D r . A. R . K e m m e r e r  
University of Arizona 
Agricultural Sciences Building 
Tucson, Arizona 85721

1968 Conrad A. Elvehjem Award for 
Public Service in Nutrition

The Conrad A. Elvehjem Award for 
Public Service in Nutrition, consisting of 
$1000 and an inscribed scroll, is made 
available by the Wisconsin Alumni Re
search Foundation. The award is bestowed 
in recognition of distinguished service to 
the public through the science of nutrition. 
Such service, primarily, would be through 
distinctive activities in the public interest 
in governmental, industrial, private, or in
ternational institutions but would not ex
clude, necessarily, contributions of an in
vestigative character.

Former recipients of this award are:
1966 - C .  G len King
1967 — J. B. Youm ans

N o m in a t in g  C o m m it t e e :
F . W. Q u a c k e n b u s h , Chairman 
R. E. Sh a n k  
O l a f  M ic k e l s e n

Send nominations to:
D r . F o r r e st  W. Q u a c k e n b u s h  
Department of Biochemistry 
Purdue University 
Lafayette, Indiana 47907



Invitation for Nominations for 1968
American Institute of Nutrition Fellows

The Fellows Committee of the American Institute of Nutrition in
vites nominations for Fellows in the Society. Eligible candidates are 
active or retired members of the Society who have passed their sixty- 
fifth birthday (by the time of the annual meeting) and who have had 
distinguished careers in nutrition. Up to three Fellows may be chosen 
each year.

Nominations may be made to the Chairman of the Fellows Com
mittee by any member of the Society, including members of the Com
mittee.

Nominations (in 5 copies) are due by October 1. A supporting 
statement giving the reason for the nomination is desirable.

Final selection will be made by the Fellows Committee and a suit
able citation will be presented at the Annual Dinner in April.

Fellows Committee:

Dr. W. H. Griffith
Federation of American Societies for 

Experimental Biology 
9650 Rockville Pike 
Bethesda, Maryland 20014

The following persons have been elected previously as Fellows 
of the Society:

W. H. Griffith , Chairman 
Agnes F. Morgan 
Richard M. Forbes 
T. H. Jukes 
L. A. Maynard

Send nominations to:

Georgian Adams (1 9 6 7 )
J. B. Brown (1 9 6 4 )
Thorne M. Carpenter (1 9 5 8 )  
George R. Cowgill (1 9 5 8 )  
Earle W. Crampton (1 9 6 7 )  
Henrik D am  (1 9 6 4 )
Eugene F. DuBois (1 9 5 8 )
R. Adam s Dutcher (1 9 6 1 )  
Ernest B. Forbes (1 9 5 8 )  
Casimir Funk (1 9 5 8 )  
W endell H. Griffith (1 9 6 3 )  
Paul Gyorgy (1 9 6 5 )
Albert G. H ogan (1 9 5 9 )
L. Em m ett Holt, Jr. (1 9 6 7 )  
Icie M acy Hoobler (1 9 6 0 )  
Paul E. Howe (1 9 6 0 )
J. S. H ughes (1 9 6 2 )
C. Glen King (1 9 6 3 )
M ax Kleiber (1 9 6 6 )

Sam uel Lepkovsky (1 9 6 6 )  
Leonard A. Maynard (1 9 6 0 )  
Elmer V. M cCollum (1 9 5 8 )  
Harold H. M itchell (1 9 5 8 )  
Agnes Fay M organ (1 9 5 9 )  
John R. M urlin (1 9 5 8 )

H azel K. Sdebeling ( 1964) 
Raymond W. Sw ift (1 9 6 5 )  
Robert R. W illiam s ( 1958 ) 
John B. Youm ans (1 9 6 6 )

Leo C. Norris (1 9 6 3 )
H elen T. Parsons ( 1961 ) 
Lydia J. Roberts ( 1962)
W illiam  C. Rose (1 9 5 9 )  
W. D. Salm on (1 9 6 2 )  
Arthur H. Sm ith ( 1961 )
G enevieve Steam s (1 9 6 5 )  
Harry Steenbock (1 9 5 8 )
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Invitation for
Nominations for Honorary Membership in the

American Institute of Nutrition

The Committee on Honorary Memberships of the American 
Institute of Nutrition invites nominations for Honorary Members.

Distinguished individuals of any country who are not members 
of the American Institute of Nutrition and who have contributed to 
the advance of the science of nutrition shall be eligible for proposal 
as Honorary Members of the Society.

Nominations may be made to the Chairman of the Committee on 
Honorary Memberships by two members of the Society.

Nominations (in three copies) are due by October 1. A supporting 
statement giving the reason for the nomination is desirable but not 
necessary.

Final selection of nominees will be made by the Council of the 
American Institute of Nutrition and such nominations submitted 
to the Society at the spring meeting. Election requires a two-thirds 
majority of the ballots cast.

Honorary members pay no membership fees but are eligible to 
subscribe to the official joumal(s) at member’s rates.

Committee on Honorary Memberships:
Grace Goldsmith, Chairman 
R. W. Engel 
L. C. N orris

Send nominations to:
Dr. Grace Goldsmith
Tulane University School of Medicine
New Orleans, Louisiana 70112

The following persons have been elected previously as Honorary 
Members of the Society:

Kunitaro Arimoto 
W. R. Aykroyd 
Frank B. Berry 
Edward Jean Bigwood 
Frank G. Boudreau 
Robert C. Burgess 
Dam e Harriette Chick 
F. W. A. Clements 
Sir David P. Cuthbertson 
Herbert M. Evans 
Joachim  Kiihnau  
Joseph Masek

Toshio Oiso
H. A. P. C. Oomen 
Lord John Boyd Orr 
Conrado R. Pascual
V. N . Patwardhan  
Sir Rudolph A. Peters 
B. S. Platt 
Em ile F. Terroine 
Jean Tremolieres 
Eric John Underwood 
Artturi I. Virtanen
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Invitation for Nominations for the 1968 
Hoblitzelle National Award in the 

Agricultural Sciences
The Hoblitzelle Award Committee of the 

American Institute of Nutrition invites 
nominations for the 1968 Hoblitzelle Na
tional Award in the Agricultural Sciences.

The Hoblitzelle Award, consisting of 
$10,000, a gold medal and an attesting 
certificate, is presented in recognition of 
the outstanding contribution in the agri
cultural sciences which has been published 
during the preceding four-year period. The 
donor of the Award is the Hoblitzelle Foun
dation of Dallas, Texas. The Award is ad
ministered by the Texas Research Founda
tion, Renner, Texas.

All American scientists working in the 
United States and its territories, irrespec
tive of creed, color, nationality, sex, age, 
branch of science, or affiliation with scien
tific or scholastic organizations, are eligible. 
Either an individual or team of scientists 
may be nominated for the Award, but a 
team must include only those scientists 
who have contributed the basic ideas. 
Preferably no more than two scientists 
should be nominated as a team.

This Award covers research in agronomy, 
animal science, bacteriology, biochemistry, 
botany, entomology, genetics, horticulture, 
nutrition, soil science, veterinary science, 
zoology, and such other sciences as may be 
deemed to serve agriculture in their broad
est aspects.

The various professional societies re
lated to the agricultural sciences, the

Agricultural Research Service and the 
Agricultural Experiment Stations have 
been requested to receive and screen nom
inations for the Award. Each may forward 
three nominations to the Texas Research 
Foundation from which the Final Awards 
Committee wifi select three candidates. 
The Hoblitzelle Foundation will select the 
recipient, or recipients, from these candi
dates.

The nomination for the Award must be 
accompanied by a complete set of publica
tions by the scientist covering his scientific 
accomplishment, and a comprehensive 
evaluation of the potential significance of 
the work. The dates of publications for 
the 1968 Award must fall within the period 
January 1, 1963 through December 31, 
1966. Final date for submission of nom
inations is November 15, 1967.

AIN Hoblitzelle Award Committee:
Or v il l e  G. B e n t l e y , Chairman 
R. W. E n g e l  
R. G. H a n s e n  
H . O. K u n k e l

Send nominations to:
Dr . Or v il l e  G. B e n t l e y  
Dean of Agriculture 
University of Illinois 
Urbana, Illinois 61803

1 4 7



Fatty Acid Composition and Weights of Organs from 
Essential Fatty Acid-deficient and 
Non-deficient Hens

HENRY MENGE
United States Department of Agriculture,* 1 Beltsville, Maryland

ABSTRACT  Fatty acid analyses and relative w eights o f organs from  hens severely  
depleted of linoleic acid were m ade and compared w ith those obtained from  corre
sponding organs from  non-deficient hens. Forty essential fatty acid (EFA )-deficient 
Leghorn pullets were selected at 23 weeks of age and placed into 2 groups of 20 pullets 
each. Group 1 was fed  a purified EFA-deficient diet, and group 2  was given the sam e 
diet supplem ented w ith  corn oil calculated to supply 4% linoleic acid (1 8 :2 ) . The 
control group (group 3 )  w as com posed of 20 birds selected at random from pullets fed  
a practical-type diet since hatching. At 23 weeks group 3 w as given a practical-type 
diet containing sufficient corn oil to supply 4% 18:2. The hens were killed after a 
32-week experim ental period (5 5  weeks of a g e). Group 1 exhibited every ind ication of 
a severe EFA deficiency, nam ely, significantly sm aller body w eight, repressed egg 
w eight and production, zero hatchability, depressed feed consum ption, high m ortality, 
and a fatty acid profile indicative o f an EFA deficiency in  the lip ids o f all organs 
analyzed w ith  the exception of the pituitary. The spleen, pituitary, pineal, thyroid, and 
adrenals of the EFA-deficient hens weighed significantly more than corresponding or
gans from  non-deficient hens (groups 2  and 3 ) .  This increase in  w eight w as regarded 
as a reflection of the severe dietary stress im posed on the hens. The fatty acid com 
position o f the tissue lipids from  group 2 differed only slightly from  that of group 3, 
even though egg production, egg weight, and hatchability o f fertile eggs were signifi
cantly lower in  group 2 as compared w ith  that of group 3. These results demonstrated  
that the purified diet lacked a fa c to r (s) other than 18:2 that w as necessary for optim al 
reproduction.

The deficiency of essential fatty acids 
(EFA) has been demonstrated to have a 
pronounced effect on reproduction in the 
female chicken resulting in zero hatch- 
ability of fertile eggs and significantly re
duced egg size and production (1-4). The 
same studies have also shown that hens 
receiving an EFA-deficient diet exhibit 
marked changes in the fatty acid compo
sition of plasma (1 ,3 ,4 ), heart (1 ,4), 
liver (1), and yolk (3) lipids. The present 
study was designed to extend the fatty 
acid analyses to include the gallbladder, 
pancreas, kidney, spleen, ovary, brain, pi
tuitary, pineal, thyroid, and adrenal lipids 
from EFA-deficient hens, together with the 
weights of these organs, and to compare 
these data with those obtained from cor
responding organs from non-deficient hens.

EXPERIMENTAL PROCEDURE

Seventy-five White Leghorn pullets were 
reared to 2 weeks with a com-soy diet. At 
this time, 50 of the pullets were fed an 
EFA-deficient casein-gelatin diet (5), and

the remaining 25 were fed a practical-type 
diet until the pullets were 23 weeks old. 
At 23 weeks, the EFA-deficient pullets were 
placed at random into 2 groups of 20 birds 
each and fed the experimental diets for 
32 weeks. Group 1 received a purified EFA- 
deficient casein-gelatin layer diet (5). 
Group 2 received the purified diet with 
com oil2 (6.92%) added to supply 4% 
linoleic acid (18:2). Group 3, which was 
composed of 20 pullets that had re
ceived the practical-type diet throughout 
the growing period was continued with 
this diet to which corn oil (5.0% ) was 
added to supply 4% 18:2.

Six hens selected at random from each 
group were killed after an experimental 
period of 32 weeks, or when the birds were 
55 weeks of age. Blood samples were col
lected and the following organs were ex
cised from each hen: heart, liver, gall-

Received fo r pub lica tion  Ja n u a ry  16, 1967.
1 A nim al H usbandry  R esearch D ivision, ARS, B elts

ville, M ary land  20705.
2 Supplied by Procter an d  Gamble Com pany, C in

c innati.
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bladder, pancreas, kidney, spleen, ovary, 
brain, pituitary, pineal, thyroid, and adre
nal. The larger organs were weighed and 
recorded as grams of tissue per 100 g body 
weight. The remainder were dissected care
fully, weighed, and recorded as milligrams 
of tissue per 100 g body weight. Fatty acid 
analyses of plasma and tissue lipids from 
each hen were made individually. Averages 
of these individual samples are given in 
table 1. Methods for determination of 
plasma and tissue lipid fatty acids have 
been described in a previous paper (6). 
When no standards were available, tenta
tive identification was based on carbon 
numbers. All data were subjected to sta
tistical analysis.

RESULTS AND DISCUSSION

The data summarized in table 1 show 
the percentage of total fatty acids present 
in the lipids of the tissues from groups 1, 
2, and 3 after a 32-week experimental 
period. All of the tissues from group 1 
(18:2-deficient), with the exception of the 
pituitary, exhibited a fatty acid profile in
dicative of a severe EFA deficiency. This 
deficiency was also responsible for the sig
nificant repression of reproductive charac
teristics (table 2).

A deficiency of dietary EFA results in 
the synthesis of substantial amounts of 
eicosatrienoic (20:3) which is incorpo
rated into most of the tissues of the ex
perimental animal. Witting et al. (7) were 
unable to show any accumulation of 20:3 
in the brain lipid of rats fed an EFA- 
deficient diet. Later, Mohrhauer and Hol
man (8) observed that severe dietary re
strictions of EFA were necessary to show 
any detectable changes in the brain lipids 
of rats. The results of the present study

show, however, that the pituitary of the 
chicken is more resistant to changes in 
18:2, 20:3 and arachidonic (20:4) con
tent than brain lipid under a severe 
EFA-deficient regimen (table 1). Eicosa- 
pentaenoic ( 20: 5co3 ), docosapentaenoic 
(22:5a)3), and docosahexanenoic (22:6u3) 
were observed only in the brain lipids. The 
brain lipid from group 1 (18:2-deficient) 
contained less 20: 5u3 than that from 
groups 2 and 3. It also contained only 
traces of 22:5co3 and 22:6u3 in compari
son with higher percentages of these acids 
in the brain lipid from groups 2 and 3. 
The significance of these observations 
cannot be explained at present, but it 
is a reflection of the severe EFA-deficient 
regimen.

The fatty acid composition of the tissue 
lipids from group 2 (purified diet plus 4% 
18:2) differed only slightly from that of 
group 3 (practical-type diet containing 4% 
18:2). Differences were noted in the oleic 
(18:1) content of the liver, bile, pancreas, 
pituitary, and thyroid lipids, and in the 
percentage of 20:4 in the liver and pan
creas lipids (table 1). The significant dif
ferences in egg production, egg weights, 
and hatchability observed in group 2 in 
comparison with group 3 (table 2) cannot 
be explained on the basis of the fatty acid 
composition of the tissues since a defi
ciency of EFA did not exist in these groups. 
Jensen and Shutze (9) reported a decrease 
in production, egg weights, and percentage 
hatchability of fertile eggs from hens re
ceiving a purified diet containing 5% saf
flower oil in comparison with hens receiv
ing a com-soy diet. They interpreted their 
results as indicative of the operation of 
factor(s) other than EFA. The results of 
the present study show that the purified

TABLE 2
Egg production, egg weights and hatchability of fertile eggs from EFA-deficient

and non-deficient hens 1

Groups

D iet

L inoleic acid, %

1

Purified

0.0

2
Purified

4.0

3

Corn-soy

4.0

Production, % 19.2 a 68.4 b 7 4 .4 '
E g g  w e ig h t, g 37.0 » 50.4 b 5 5 .7 '
H a tc h a b il i ty ,  % 0 .0  1 7 8 .0 “ 93.4 b

1 M eans w ith  d ifferent superscrip ts are 
D uncan’s m u ltip le  range test (1 1 ).

significantly d ifferent a t the 1 %  level according to
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diet plus 4% 18:2 lacks a factor(s) neces
sary for optimal reproductive performance 
of the hen (table 2). Further evidence for 
the existence of this factor(s) in the prac
tical-type diet and its absence from the 
purified diet is presented in table 3. The 
daily average intake of protein, calories, 
and 18:2 per hen was almost identical for 
groups 2 and 3, yet, as demonstrated in 
table 2, egg production, egg weight, and 
hatchability of fertile eggs were signifi
cantly greater with the practical-type diet 
than with the purified diet.

The effect of the deficiency of 18:2 on 
feed consumption was very pronounced in 
group 1 (table 3). Feed records indicated 
that average daily consumption per hen 
decreased slowly and steadily throughout

the 32-week experimental period. The de
ficiency of 18:2 also had a dramatic effect 
on percentage mortality in group 1 (table
3). This depressed feed intake and in
creased mortality was the result of the 
severe dietary stress imposed on the hens, 
and can be considered as part of the EFA- 
deficiency syndrome. The average body 
weights and the weights of organs excised 
from hens in groups 1, 2, and 3 are sum
marized in table 4. Significant differences 
in average body weights existed between 
all groups. The difference in body weights 
and reproductive traits (table 2) between 
groups 2 and 3 may be attributed to a di
etary deficiency hitherto unknown (9). 
The significantly smaller body weights, egg 
production, egg weight, and zero hatch-

TABLE 3
Nutrient intake and mortality of EFA-deficient and non-deficient hens

Groups 1 2 3

Diet Purified Purified Corn-soy

L inoleic acid, % 0.0 4.0 4.0

F e e d  in ta k e ,  g 1 63 .3 101.2 102.1
P ro te in , g 12.7 20 .3 20 .6
C a lo rie s , k c a l /1 0 0  g 190.0 304 .0 3 06 .0
L in o le ic  a c id , g 0 .0 4.1 4.1
M o rta lity , % 5 5 .0 (9 )  2 5 .0 (1 9 ) 5 .0 ( 1 9 )

1 D aily average fo r experim ental period (32 w eeks).
2 N um bers in  paren theses in d ica te  n u m b er of survivors.

TABLE 4
Weights of organs from EFA-deficient and non-deficient hens

Groups

Diet

L inoleic acid, %

1 2 3
LSD i

Purified Purified Corn-soy
P =  0.05 P =  0.10

0.0 4.0 4.0

9 9 9 9 9
C a rc a s s 1 3 2 8 ( 9 ) 2 1 7 8 2 (1 9 ) 2 1 7 0 (1 9 ) 230 190

g /1 0 0  g  b o d y  w e i g h t
H e a r t 0 .289 0 .285 0 .223 0 .085 0 .069
L iv e r 2 .19 1.96 2 .14 0.75 0.61
B ile 0 .04 0 .06 0 .06 0.03 0.02
P a n c re a s 0 .13 0 .12 0.14 0 .0 3 4 0 .028
K id n ey 0.42 0.75 0 .60 0 .24 0 .20
S p leen 0.24 0 .08 0.08 0 .19 0 .15
O v ary 0 .1 2 0.33 0 .20 0 .1 0 0 .08
B ra in 0 .22 0.19 0 .15 0 .07 0.06

m g 1 1 0 0  g b o d y  w e i g h t m g m g

P itu i ta ry 1.71 0.99 0 .84 0 .30 0 .24
P in e a l 0.45 0.18 0 .29 0.16 0.13
T h y ro id 12.46 8 .38 9 .00 3.88 3 .15
A d re n a l 12.50 6.79 5.41 4 .1 2 3.35

1 L east sign ifican t difference values.
2 N um bers in  p aren theses ind ica te  num ber of survivors.
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ability of group 1 may be the result of 1) 
an unknown dietary deficiency, 2) an EFA 
deficiency, or 3) an irreparable impair
ment of some biological mechanism as a 
result of an EFA deficiency.

The spleen, pituitary, pineal, thyroid, 
and adrenals of group 1 were significantly 
greater in relative weight than correspond
ing organs from groups 2 and 3. The hyper
trophy of these organs is probably the re
sult of the long-term exposure of the hens 
to the “stress” of the EFA-deficient diet. 
Selye (10) has designated these morpho
logic and functional changes as the “gen
eral-adaptation-syndrome,” the most prom
inent change being an enlargement of the 
adrenal cortex.

The ovaries from group 1, as expected, 
were significantly smaller compared with 
the ovaries from groups 2 and 3. The 
ovaries of three of the six birds from 
group 1 were regressed. The ova were in 
various stages of reabsorption.
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In vivo Interference of Zinc with 
Ferritin Iron in the R at1,2

C. T. SETTLEMIRE a n d  G. MATRONE
Department of Biochemistry, North Carolina State University, 
Raleigh, North Carolina

ABSTRACT  A series o f  experim ents w as conducted to determ ine the nature of 
the effect o f h igh  zinc diets on iron m etabolism . The rats used in  all studies were 
fed  a basal diet or the basal +  0.75% zinc. In the in itia l study radioisotope experi
m ents w ith  5SFe were conducted to determ ine whether zinc was interfering w ith  iron 
absorption. Results indicated that orally adm inistered radioactive iron w as absorbed 
equally by the 2  groups. Subsequent studies showed that the h igh zinc intake re
duced both the am ount of ferritin and the percentage o f iron content o f the ferritin  
present in  the liver. In the next study, the livers o f the experim ental anim als were 
partitioned and zinc analyses m ade on the liver fractions. Livers from  anim als 
receiving zinc showed that fraction III, the ferritin-containing fraction, w as highest 
in  zinc. Iron-induced ferritin synthesis studies showed that ferritin synthesis w as 
not im paired by h igh dietary zinc. The hypothesis form ulated from  these studies 
w as that zinc interferes w ith  iron incorporation and release from  ferritin.

High levels of dietary zinc (0.4 to 
1.0% ) have been reported to result in de
creased concentrations of liver iron and 
the development of iron deficiency anemia 
(1-3), but the means by which zinc brings 
about these effects is still obscure. In the 
present study, an attempt was made to 
gain further insight into the mechanism 
by which a high zinc intake affects iron 
metabolism. The effect of zinc on iron 
concentration in several tissues, on tissue 
uptake of 59Fe administered orally and 
intraperitoneally, and on the distribution 
of iron and zinc in the different iron- 
containing fractions of the liver was in
vestigated.

EXPERIMENTAL

Male rats of the Holtzman strain from
4 to 6 weeks old were used in all studies. 
They were maintained on experiment for
5 weeks, according to the experimental 
regimen of Magee and Matrone (1). The 
effects of high zinc intake were measured 
by use of diets supplemented with 0.75% 
zinc in the carbonate form. Hemoglobin 
values were determined by the method of 
Shenk et al. (4) on samples taken at the 
end of the experimental period. To study 
the concentration of iron and zinc in the 
different tissues of the rat, the animals 
were decapitated, the tissues to be studied 
were excised, and dry-weight measure

ments were made on all tissues. All iron 
and zinc analyses were conducted on ma
terial which had been wet-ashed with ni
tric and perchloric acids, and analyses 
were made with an atomic absorption 
spectrophotometer.5

The effect of a 0.75% zinc intake on 
the uptake of iron from the digestive tract 
was measured by administration of 19 aCi 
5SFe using a stomach tube. Eight hours 
after the administration of the isotope, a 
blood sample was removed by cardiac 
puncture followed by the decapitation of 
the rats and the removal of several tis
sues. A group of rats was also used to 
study the distribution of intraperitoneally 
injected 59Fe. The same procedure was 
followed as outlined for the oral 59Fe study 
except that the samples were collected 
4 hours after administration of the iso-
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istry , School of A griculture  an d  L ife Sciences, an d  
School of Physica l Sciences an d  Applied M athem atics, 
R aleigh, N orth  C arolina. Pub lished  w ith  th e  approval 
of the  D irector of R esearch, N orth  C aro lina A gricul
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tope. The amount of 59Fe present in the 
various tissues was determined by use of 
a gamma scintillation counter.6

Heme, hemosiderin and ferritin frac
tions of the liver were prepared by the 
procedure of Mazur et al. (5) and of 
Gabrio et al. (6) with the exception that 
the ferritin was determined by the anti
body technique. The ferritin antibody was 
prepared and the ferritin-antibody precipi
tate obtained by the procedure of Judd.7

The analysis of variance method was 
used for the statistical analysis of the 
data (7) and expression of differences 
are based on odds of at least 19 to 1.

RESULTS AND DISCUSSION

The addition of 0.75% zinc to the diet 
of rats caused significant decreases in the 
iron concentration of the liver, kidney, 
testes, and heart (table 1). Some indica
tion was obtained that decreased iron lev
els were also present in the spleen, where
as an increase in concentration was 
observed in the femur, but these differ
ences were not statistically different. The 
concentrations of zinc present in these 
same tissues are shown in table 2. Sig
nificant increases were observed in the 
liver, kidney, spleen, heart, and femur of 
the rats fed the 0.75% zinc diet. Thus, 
it appears that a decrease in iron and an 
increase in zinc occur not only in the 
liver, as reported previously (1, 3), but 
also in other tissues of the rat.

One possible means by which a high 
zinc intake could reduce body iron levels 
would be by a reduction in iron absorp
tion from the digestive tract. In an at
tempt to determine whether intestinal 
absorption was involved, 59Fe was admin
istered by stomach tube, and the amount 
of 59Fe present in several of the tissues 
was determined. The results are presented 
in table 3. The radioactivity present 
was assumed to represent iron absorbed 
through the digestive tract. Josephs (8) 
has reported that when the elemental iron 
is less than 5 mg, an indication of absorp
tion can be obtained in a study of this

6 G am m a Scin tilla tion  C ounter, N uclear-C hicago 
Corporation, Des P la ins, Illinois.

7 Judd , J. T. 1S62 The effect of m anganese  on 
system s involving fe rr itin  iro n  reduction  by electron  
tra n sfe r  from  x an th in e  oxidase catalyzed oxidation. 
Ph.D. Thesis, N orth  C arolina S tate U niversity  a t 
Raleigh.
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TABLE 2
E f f e c t  o f  0 . 7 5 %  z i n c  i n t a k e  o n  t i s s u e  z i n c  l e v e l s

Liver Kidney Spleen H eart Fem ur Testes

C o n t r o l1 57 .7  ±  2 .6  2
fig  Z n l g  d r y  t i s s u e  

9 4 .9  ±  4 .8  2 95 .3  ±  3 .9  2
fig  Z n / g  d r y  t i s s u e  

88 .4  ±  3 .5  2 153 .6  ± 1 2 .3  2 180.0  ±  6 . 0 “

0 .75%  Z n 5 1 3 .0 ± 4 9 .4 3 8 9 .2 ± 4 1 .6 2 2 6 .7  ± 2 4 .8 133.9  ± 1 0 .4  3378  ± 1 4 8 2 1 9 .8 ±  13.4

1 M ean +  se  of 12 observations.
2 S tatistically  significant a t the  1% level of probability.
3 S tatistically  significant a t the  5 %  level of probability.
4 S tatistically  nonsign ifican t difference betw een control and  0.75% zinc-fed ra ts.

TABLE 3
D i s t r i b u t i o n  o f  59F e  g i v e n  o r a l l y  a n d  i n t r a p e r i t o n e a l l y  t o  c o n t r o l  r a t s  a n d  r a t s  f e d  0 .7 5 %  z i n c

Liver Kidney Spleen H eart F em ur Testes Blood

O r a l 1
to ta l  59F e  c o u n t  ¡ m i n  o f  t i s s u e 59F e  c o u n t / m i n / m l

C o n tro l 
0 .75%  Z n

2 17 ,263
176 ,737

14,840
9,411

153 ,027
137 ,279

3 ,949
5 ,935

4 8 ,078
2 7 ,325

7,654
4 ,464

2 7 ,796
4 8 ,395

I n t r a p e r i t o n e a l1 
C o n tro l 
0 .75%  Z n

191 ,470
124 ,475

11,234
19,086

51 ,940
111,184

7 ,628
10 ,996

17,433
38,361

9 ,026
7 ,180

18,803
82,733

1 Average of 3 observations.

TABLE 4
D i s t r i b u t i o n  o f  i r o n  i n  t h e  l i v e r  f r a c t i o n s  o f

c o n t r o l  r a t s a n d  r a t s f e d  0 .7 5 % z i n c

R eplication Heme Hemo
siderin F erritin T ota l Fe 

in  liver

C o n tro l r a t s
fig  F e /g  d r y  l iv e r  ( p e r  r a t  b a s is )

1C 46 .6 86 .7 209 .7 343
2C 28.6 68.4 287 .9 385
3C 35 .2 56.7 166.8 259
4C 25 .4 38 .4 192.4 2 5 6

M e an 34.0 62.6 2 14 .2 311

0 .75%  Z n  r a ts
1Z 47 .6 47 .6 23.8 119
2Z 37 .0 41 .7 2 .3 81
3Z 4 5 .0 55 .0 7.0 107
4Z 4 2 .2 18.2 15.6 75

M e a n 43 .0 40 .6 12.2 96

nature. In this study, only 1.5 ug of ele
mental iron was contained in the admin
istered 59Fe.

The incorporation of 59Fe into the several 
tissues appeared to follow more or less the 
same pattern, indicating that absorption 
from the digestive tract of both groups of 
experimental animals was approximately 
the same. Intestinal absorption normally 
follows the body needs (9) and has been 
reported to increase as much as 15- to 25- 
fold as iron needs increase (10).8 Since 
the zinc rats had an increased iron need,

as indicated by anemia (5.18 g/100 ml 
blood), and decreased body iron concen
trations, an increase in absorption would 
be expected. However, no evidence was 
obtained to indicate that the expected com
pensatory increase in iron absorption oc
curred, offering the possibility that excess 
zinc may in some manner limit the ab
sorption of iron. The distribution of in
traperitoneally administered 59Fe to experi
mental and control rats is also shown in 
table 3. The relative pattern of distribution 
with treatment groups was similar except 
for the femur. Femurs of rats fed the high 
zinc diet showed a higher relative propor
tion of radioactivity than those of the con
trols. Since the zinc-fed rats were anemic, 
it is presumed that the higher radioactivity 
in the femurs of these animals was associ
ated with a greater level of hemopoietic 
activity.

In the next study, the effect of feeding 
this high zinc diet on the concentration of 
iron in the different “iron fractions” of the 
liver was determined. The results are pre
sented in table 4. A highly significant 
amount (94% ) of the decrease in liver 
iron in the rats fed the high zinc diet is 
attributable to the ferritin fraction. A sig

8 Yu, Chuan-Tao 1955 U tilization  of different 
levels of d ie tary  iro n  fo r th e  synthesis of blood hem o
globin by anem ic sheep. M.S. Thesis N orth  C arolina 
S tate U niversity  a t Raleigh.
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nificant decrease was also observed in the 
hemosiderin fraction, but no significant 
differences were observed in the level of 
iron in the heme fraction. This agrees 
with the report of Cox and Harris (11), 
who observed that when rats were fed a 
diet containing 0.4% zinc, 77% of the 
decrease in liver iron was from the ferritin 
fraction.

The level of ferritin and its iron content 
present in the livers of control rats and 
zinc rats are presented in table 5. The 
iron values obtained for the control rats 
closely approximate the 20 to 25% nor
mally in ferritin (10) if corrected for the 
molecular weight (150,000) of the anti
body portion (12). These results indicate 
that high zinc intake reduces both the 
amount of ferritin and the percentage of 
iron content of the ferritin present in the 
fiver. Normally, as the iron content de
creases, the protein moiety of ferritin 
breaks down (13, 14), thus maintaining 
the relatively constant 20 to 25% iron 
content. This decrease in the percentage 
of iron of ferritin from the rats fed high 
zinc may be an indication that a high 
zinc intake is affecting ferritin, possibly 
by inhibiting the incorporation of iron into 
ferritin or by limiting the synthesis of the 
protein fraction of ferritin. Either or both 
of these effects would result in a decrease 
in the level of fiver iron stored as ferritin.

In an attempt to gain more insight into 
the effect of high zinc intake on ferritin, 
it was decided to test the capability of the 
rat fiver to synthesize in vivo apoferritin 
using the procedure of Fineberg and Green
berg (13). Essentially the procedure con
sists of the intraperitoneal injection of 1.5 
mg of ferric ammonium citrate for three 
consecutive days. At the end of 3 days, 
the livers were removed and ferritin was 
isolated by the antibody technique. The 
results are presented in table 6. In the 
high zinc-fed fed rats the amount of fer
ritin precipitate per gram of fiver was 
more than doubled compared with levels 
reported in table 5, whereas the controls 
showed about a 60% increase in ferritin 
precipitate. From these results, it appears 
that the synthesis of apoferritin is not 
impaired by a high zinc intake.

In the next study, the fivers of the ex
perimental animals were fractionated and

TABLE 5
Level of ferritin in the liver of control rats and 

rats fed 0.75% zinc

R eplication Ferritin - 
antibody pp t

Iro n  con ten t 
of fe rritin - 

antibody ppt
m g /g  liv e r  

(per r a t  basis) %
C o n tro l

1C 1.06 16.6
2C 1.34 17.7
3C 0.82 16.9
4C 0.93 17.2

M e a n 1.02 17.0

0 .75%  Z n  r a ts
1Z 0.81 2 .8 7
2Z 0.50 0 .46
3Z 0.72 0 .9 7
4Z 0.72 2.11

M e a n 0.69 1.74

TABLE 6
Effect of stimulated ferritin synthesis in control 

rats and rats fed 0.75% zinc

R eplication Ferritin - 
antibody pp t

C o n tro l

m g /g  liv e r  
(p e r  r a t  ba sis)

1C 0.93
2C 1.57
3C 2.14
4C 1.85

M e an 1.63

0 .7 5 %  Z n
1Z 1.94
2Z 1.40
3Z 2.00
4Z 1.13

M e an 1.60

zinc analyses made to determine the 
amount of zinc present in the different 
fractions of the fiver and to determine 
which fraction was most active in accu
mulation of zinc. The fiver fractions used 
to differentiate the iron compounds were 
analyzed for zinc. The results are shown 
in table 7. Fraction I corresponds to the 
hemosiderin fraction, fraction II contains 
the heme, and fraction III is the ferritin- 
containing fraction. There was an increase 
in zinc concentrations in each of the fiver 
fractions obtained from the zinc-fed ani
mals; however, the greatest increase was
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TABLE 7
Distribution of zinc in the liver fractions of control rats and rats fed 0.75% zinc

Rat Fraction I Fraction II Fraction III Total Zn 
in liver

iig Zn/g dry tissue >'per rat basis)
Control rats

1C 20.8 58.3 0 79.2
2C 14.4 32.6 15.0 62.0
3C 16.3 30.8 0 48.0
4C 17.2 30.8 5.1 58.0

M ean 17.2 38.1 5.0 61.0

0.75% Zn rats
1Z 47.6 123.8 212.6 384
2Z 56.6 82.6 148.8 288
3Z 35.0 86.8 93.2 214
4Z 49.0 109.6 47.4 206

Mean 47.1 100.7 125.5 373

in fraction III. Only 8.2% of the total 
liver zinc was present in this fraction from 
control rats, whereas 46% was present in 
fraction III (the crude ferritin fraction) 
for the zinc-fed rats.

Thus, two of the results obtained in 
these studies support the hypothesis that 
zinc interferes with iron incorporation and 
release from ferritin. This hypothesis is 
based on observations from these studies 
indicating that the percentage of iron con
tent of isolated ferritin from high zinc-fed 
animals is reduced to approximately one- 
tenth that of the controls and that a 
major portion of the increase in liver zinc 
in the high zinc-fed rats was in the crude 
“ferritin fraction.” Support for the hypoth
esis that zinc interferes with iron incor
poration into ferritin is found in reports 
from the in vitro studies of Mazur (15). 
This investigator indicated that the sulfhy- 
dryl groups of ferritin are active in iron 
accumulation and that binding of these 
groups with sulfhydryl-reacting reagents 
(iodoacetamide, o-iodobenzoate and p- 
chlormercuribenzoate) either inhibit or 
completely prevent iron uptake by ferritin. 
In more recent work, Mazur et al. (5) have 
reported that cadmium, which also has a 
high affinity for protein sulfhydryl groups, 
inhibits incorporation of iron into ferritin. 
It is proposed that since zinc also has a 
high affinity for sulfhydryl groups (16) 
and has chemical properties corresponding 
to cadmium (17), zinc inhibits iron uptake 
in a manner similar to that of cadmium.

The consequences of an interference of 
zinc with the normal function of ferritin 
could be twofold: (a) a decrease in the 
absorption of iron from the intestinal tract, 
since ferritin is known to be involved in 
this process (10, 14); and (b) a decrease 
in the storage of iron as ferritin. Observa
tions from this study indicate that both 
of these possibilities occur.

Data in the literature tend to further 
support these concepts. In studies with 
high zinc diets, Cox and Harris (3) re
ported that 77.2% of the decrease in liver 
iron was in the iron of the ferritin frac
tion and suggested that this was the re
sult of a greater mobilization of iron from 
this fraction. However, Shoden et al. (18) 
and Morgan (19) have reported that nor
mally iron is utilized as readily from either 
of the two iron storage compounds, ferritin 
or hemosiderin. The results of the present 
study indicate that the decreased tissue 
iron levels are the result of an inhibition 
of iron incorporation into ferritin or a re
lease from ferritin, or both, rather than of 
an increased mobilization of ferritin iron. 
In other studies where zinc diets have been 
supplemented with iron (1, 20), hemo
globin levels have increased, but increases 
in tissue levels of non have never been 
obtained, providing further evidence that 
the mechanism of iron storage has been 
impaired.
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In vivo Effect of Zinc on Iron Turnover in Rats and 
Life Span of the Erythrocyte ',2'3

C. T. SETTLEMIRE4 a n d  G. MATRONE
D e p a r tm e n t  o f  B i o c h e m is t r y ,  N o r th  C a r o l in a  S ta te  U n iv e r s i ty ,  
R a le ig h ,  N o r th  C a r o l in a

A B S T R A C T  A series of experim ents was conducted w ith rats to characterize fur
ther the effects of high dietary zinc (0.75%  ) on iron m etabolism . It was found that 
the red blood cells from  anim als fed a diet high in zinc were irregularly shaped and 
m icrocytic and hypochrom ic. The osm otic fragility o f the red blood cells from the 
zinc-fed rats was greater than that of the control rats. The zinc content of the blood 
of the former group was more than twice as high as that of the controls. Blood cells 
of rats fed  the diet high in  zinc had a life  span (u tiliz ing  glycine-2-14C ) one-third of 
that of the controls. By m eans of 5S * * *Fe studies, it was shown that iron incorporation  
into hem e was not affected by zinc toxicity. 59Fe studies showed that the greater 
turnover of red blood cells for the anim als fed  the zinc-supplem ented diet brought 
about a greater loss of red blood cell iron via the feces. From the results o f this 
study and those of a previous report, a hypothesis w as developed rationalizing the 
effects o f zinc toxicity on iron m etabolism .

High zinc intakes have been reported to 
result in the development of anemia (1) 
which has been suggested, in part at least, 
to be the result of an effect of zinc on fer
ritin (2).

In vitro incubations with zinc have been 
shown to alter the properties of normal 
red blood cells (3), and other metals have 
been shown to affect their synthesis (4,
5). The present study was initiated to 
determine whether the anemia which de
velops in rats fed high zinc diets was as
sociated with changes in other properties 
of the red blood cell.

EXPERIMENTAL

Male rats were maintained with the ex
perimental diets as outlined in a previous 
publication (6).

Red blood cell stains were prepared ac
cording to the procedure of Cook (7). 
Osmotic fragility of the red blood cells was 
determined by the procedure of Siverd
(8). Samples of whole blood, removed 
from the tail vein of rats were prepared 
for iron and zinc analyses by wet-ashing 
in nitric and perchloric acids. All metal 
analyses conducted in this study were 
made with an atomic absorption spectro
photometer.5 Life span of the red blood 
cells was followed by using the in vivo la
beling procedure of Shemin and Ritten-

berg (9). Nine rats fed the control diet 
and 8 rats fed a 0.75% zinc diet were in
jected with 15 aCi of glycine labeled in 
the methylene carbon. A 0.15-ml sample 
of blood was removed from the tail vein 
of a rat at alternate sampling periods to 
minimize the reduction in activity due to 
the sampling procedure. Hemin was iso
lated from the blood (9), and the amount 
of radioactivity present determined by use 
of a proportional counter.6 After counting, 
the hemin was wet-ashed and an iron anal
ysis made.

The incorporation of radioactive iron 
into hemin was followed by injecting 10 
aCi 55Fe intraperitoneally. Blood samples 
were collected daily from each rat, the 
hemin isolated and radioactivity present
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Fig. 1 Blood stains from  a control rat (upper) and a rat high zinc (low er).
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was determined by use of a proportional 
counter.7 The iron content of the hemin 
was determined as in the life span study.

Measurement of excretion of iron was 
carried out by intraperitoneal injection of 
the experimental animals with 10 aCi of 
5SFe and counting the radioactivity ex
creted daily in the feces and urine. The 
amount of radioactivity persent was de
termined by use of a gamma scintillation 
counter.8

R E S U L T S  A N D  D ISC U SSIO N

The effect of a high zinc intake on ap
pearance of red blood cells is illustrated in 
figure 1. The cells of the control rats were 
uniform in shape and show the even stain
ing of hemoglobin typical of a normal cell. 
However, the red blood cells of rats fed 
a 0.75% zinc diet were irregular in shape 
and are typical of a microcytic-hypo- 
chromic cell.

The osmotic fragility of the red blood 
cells was determined in the next study. 
With blood from the control rats, hemoly
sis first appeared in a salt concentration of 
0.40% NaCl, whereas with blood from the 
zinc-fed rats, hemolysis first appeared in 
the 0.32% solution. This change in the 
hemolysis pattern indicates a very definite 
decrease in osmotic fragility of the red 
cells. The cause of such a decrease is not 
known; however, it has been reported that 
when erythrocytes are incubated in vitro 
with solutions containing 65 ng of zinc/ml, 
an increase in osmotic fragility is obtained 
(3, 10) and is attributed to a large irrever
sible leakage of potassium from the cell.

The zinc concentration of whole blood 
was determined on blood removed from 
the tail vein of the rat. The results of 
this study are shown in table 1. The 
amount of zinc in whole blood of the zinc- 
fed rats increased approximately 90 \tg/ 
ml above that of controls, offering the pos
sibility that the in vitro effect reported 
previously (3) may occur under the in 
vivo conditions of this study.

Since the red blood cells of the rats fed 
the zinc diet were shown to be abnormal 
in appearance and exhibited changes in 
osmotic fragility, another study was un
dertaken investigating the effect of high 
zinc intakes on the life span of the red 
blood cells. The results of this study are 
presented in figure 2. The red blood cell 
life span of the rats fed a high zinc diet 
was much shorter than that of the controls, 
as indicated by the sharp decline in spe
cific activity of the hemin between 10 and 
20 days, whereas the control rats followed 
a normal cycle (11). The high zinc in
take shortened the life span of the red 
blood cell approximately one-fifth to one- 
fourth that of the control animals.

In the next study the effect of high zinc 
intakes on the rate of incorporation of 
radioactive iron into heme was investigated 
since the other metals have been shown 
to result in a decreased rate of iron in
corporation into heme (4, 5). The results 
are shown in figure 3. The specific activ
ity increased in both the control and high

7 See footnote 6.
s G am m a Scintilla tion  C ounter, N uclear-Chicago 

Corporation, Des P la ins, Illinois.

TABLE 1
Concentration of iron and zinc in the blood of control and high zinc-fed rats

R at Hem oglobin W eight Blood Zn 
cone

Blood Fe 
cone

g ! 100 m l  b lood 9 (i g /m l l ig /m l
C o n tro l

C-12 14.03 289 67.5 1,550.0
C-16 13.95 356 52.5 1,312 .5
C-17 14.55 303 60.0 1,575.0

M e a n 14.18 316 60.0 1,479 .2

0 .75%  Z n
Z-19 6.43 143 155.0 675.0
Z-20 7.03 110 152.0 975.0
Z-21 6.34 150 155.0 825 .0

M e an 6.60 134 154.0 825 .0
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Days
Fig. 2  Carbon-14 activity in  hem in follow ing injection of 15 /¿Ci o f m ethylene-labeled  

glycine 14C; O =  control (each  point is m ean of 5 rats); A =  rats fed  high zinc (each  point 
is  m ean of 4  rats).
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Fig. 3 Incorporation of 55Fe into hem in.
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zinc-fed rats during the first 5 days. This 
follows the pattern reported by Hahn et al.
(12). The rate of incorporation was con
siderably higher for the zinc-fed rats. 
This greater rate is attributed to the fact 
that the rats were anemic (13). In any 
case these results suggest that incorpora
tion of iron into heme was not impaired.

As previously described, the rats fed a 
high zinc diet have a shortened red blood 
cell life span or, in other words, a faster 
turnover of red blood cell iron. Since a 
portion of the red blood cell iron is ex
creted with each turnover (14), the de
crease in tissue iron, which is observed in 
the high zinc-fed (2) may in part be a re
sult of this faster turnover rate. To deter
mine whether, in fact, iron excretion is 
affected, 59Fe was injected (intraperi- 
toneally) into control rats and rats fed the 
high zinc diet, and feces and urine were 
collected. The urine was found to contain 
no radioactivity. The average excretion of 
59Fe in the feces is shown in figure 4.

The pattern of 59Fe excretion in the feces 
obtained from the control rats is similar to 
that reported by Dubach et al. (15) and 
by Thirayothin and Crosby (16). The 
average excretion of 59Fe by the zinc-fed 
rats followed closely the pattern observed 
for control rats during the first 8 days

after injection. Thereafter, a significant 
increase in 59Fe excretion was observed in 

.contrast with the decrease observed in the 
feces of the control animals.

This increase in 59Fe excretion by the 
zinc-fed rats occurs 10 to 12 days after 
injection; this period of time corresponds 
to the length of the life span of the red 
blood cells of these rats. Thus, these re
sults support the hypothesis that the de
crease in body iron levels observed when 
rats are fed high zinc diets is in part as
sociated with a more rapid turnover of 
the red blood cells.

The mechanism by which a high zinc 
intake reduces the life span of the red blood 
cell is not known. Copper is known to be 
involved in some manner in red blood cell 
formation (17), and zinc at high dietary 
levels has been shown to interfere with 
normal copper metabolism resulting in an 
abnormal red blood cell synthesis (18). The 
red blood cell may also be affected by the 
increased zinc content of the blood of the 
rats fed high zinc resulting in an abnormal 
red blood cell, as shown by the in vitro 
studies of Vincent and Blackburn (3).

The combination of the concepts devel
oped in a previous paper (2) concerning 
the effect of a high zinc intake on ferritin 
and the results reported in this study in
dicate that these levels of zinc affect iron

Days After Injection
Fig. 4  Excretion of 59Fe in  feces of control and high zinc-fed rats (each  point is m ean of 3 rats).
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Fig. 5 Pathway of iron through the body w ith proposed sites of interference by zinc.

metabolism basically in 2 ways. These in
clude (a) an effect of zinc on ferritin such 
that the incorporation of iron into or re
lease from ferritin is impaired. This would, 
as discussed in the previous paper (2), im
pair iron absorption and limit the tissue 
storage of iron as ferritin. Evidence to 
support these concepts was presented. And 
(b) as presented in this paper, the feeding 
of high zinc diets was observed to result 
in a shortened life span of the red blood 
cells resulting in a faster turnover of iron. 
The points at which zinc is postulated to 
interfere with iron metabolism are sum
marized in the scheme shown in figure 5.
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A Growth Factor in Corpus Luteum Powder 
for Goitrogen-fed Rats * 1

EDW IN W. RUARK a n d  C. J. ACKERMAN
Department of Biochemistry and Nutrition, Research Division,
Virginia Polytechnic Institute, Blacksburg, Virginia

ABSTRACT  W hen a com m ercial preparation of corpus luteum  powder was included  
in  the diet, it reinstated growth of growth-arrested, sulfaguanidine-fed rats. A study 
w as m ade, therefore, to determine whether the growth response to corpus luteum  
powder w as due to thyroid hormones. The corpus luteum  powder w as hydrolyzed w ith  
acid. The acid-insoluble residue was extracted w ith alcohol and the addition of A gN 03 
produced a precipitate w hich contained a growth factor capable of reinstating growth 
of growth-arrested, sulfaguanidine-fed and of thyroidectom ized rats. One microgram of 
3,5,3'-triiodo-L-thyronine produced the sam e growth response as 3.3 m g of the growth 
factor preparation. No iodine could be detected on paper chromatograms of the growth 
factor and the growth factor differed from triiodothyronine in  its ability to prevent 
goiter. Two enzym es were used to compare the growth factor w ith triiodothyronine. 
Inosine m onophosphate dehydrogenase was inhibited by 10-9 m  triiodo-n-thyronine but 
the growth factor had no effect on this enzym e. Adenylosuccinate synthetase was stim 
ulated by 10~9 M  triiodo-L-thyronine, whereas the growth factor inhibited this enzym e. 
These results are taken as evidence that corpus luteum  contains a growth factor w hich  
is  capable of substituting for thyroid horm ones insofar as growth is concerned but the 
growth factor is not an iodinated thyronine,

Previous reports (1-5) have presented 
evidence that certain animal tissues con
tain growth factors which are capable of 
reinstating growth of growth-arrested, goi
trogen-fed rats. These growth factors ap
pear to be able to substitute for the thyroid 
hormones insofar as growth is concerned. 
However, thyroidectomized and goitrogen- 
fed rats do not appear to require any 
substance other than thyroid hormones. 
Therefore, the significance of the growth 
factors remains obscure. The growth fac
tors appear in such tissues as thymus, duo
denum, and pancreas, but not muscle or 
liver (1). In addition, no tissue tested thus 
far has been consistently active. This sug
gested that the growth factors have a spe
cific function and that this function is 
limited to sex, time in the life of the ani
mal, or to other phenomena.

Our attention was then directed to the 
possibility that the growth factors appear 
in certain tissues in conjunction with a 
particular biological event — possibly preg
nancy. This would account for the incon
sistency in the activity of various tissues 
since many of the commercial preparations 
tested could have been prepared from male 
animals or from non-pregnant female ani

mals. It would also suggest a function for 
these growth factors.

When considered from this point of 
view, it was observed that a commercial 
preparation of corpus luteum powder2 was 
4 times more active than the duodenal 
powder used in previously reported experi
ments (5) and a growth factor prepara
tion could be prepared from this powder 
in a manner similar to that used for pre
paring the growth factor from duodenal 
powder (4, 5). However, it was necessary 
to establish that the growth factor in cor
pus luteum powder was not one of the 
known thyroid hormones and it is the pur
pose of this report to show that a growth 
factor is present in corpus luteum powder 
and that it is not an iodinated thyronine.

MATERIALS AND METHODS

Materials. The sulfaguanidine-contain- 
ing diet has been described (2). When 
sulfaguanidine was omitted from the diet, 
it is referred to in this report as the “nor
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mal” diet. All rats were of the Sprague- 
Dawley strain.3 The rats that were fed 
the sulfaguanidine-containing diet were 
housed in groups of 6 in screen-bottom 
cages for 4 weeks. They were then housed 
individually and weighed every 2 days 
until growth arrest was established. On 
day 35 they were used for growth assays. 
Such rats were 8 weeks of age and weighed 
110 to 135 g. No rat that had gained more 
than 3 g between day 28 and 35 of sulfa- 
guanidine feeding was used for growth 
assays.

Twelve thyroidectomized - parathyroidec- 
tomized male rats (90 to 120 g) were 
maintained with the normal diet with 1% 
calcium lactate in the drinking water until 
growth arrest was established (less than 
4 g gain in body weigbt/week) in six of 
the rats. This required about 28 days. In 
all experiments, food and water were sup
plied ad libitum.

Thyroxine (T„) was used without fur
ther purification, and 3,5,3'-Triiodo-L-thy- 
ronine (T3) 4 was recrystallized from boil
ing 2 n  HC1 (6) and dried over CaSCh 
(mp 201-203°).

Preparation of the growth factor. Cor
pus luteum powder5 (300 g) was sus
pended in hot (80°) n-butanol and filtered 
while hot. This was repeated twice and 
then twice with each of the following boil
ing solvents: benzene, methanol, water, 
acetone, and chloroform. The residual pow
der was suspended in 1200 ml of 6 n  HC1 
containing one gram of Na2S03 and then 
refluxed for 22 hours during which time 
N2 was bubbled through the mixture.

After 2 days at room temperature, the 
hydrolysate was filtered by gravity. The 
acid-insoluble residue was suspended in 
water which was then made approximately 
1 m  with NaOH. After standing for 3 hours 
at room temperature, the solution (approx. 
250 ml) was adjusted to pH 10 with acetic 
acid and then filtered to remove an inactive 
precipitate.

The pH 10 filtrate was adjusted to pH 1 
with HC1 and after standing at 5° over
night, it was filtered by gravity. The acid- 
insoluble residue was washed twice by 
dissolving it in NaOH and precipitating it 
from acid solution. The acid-insoluble resi
due was again dissolved in NaOH and after 
adjusting to pH 4 with acetic acid, cooling

at 5° overnight, it was filtered by gravity. 
The precipitate on the filter paper was air- 
dried and then extracted with ethanol for 
8 hours in a Soxhlet extractor.

The ethanol extract was evaporated to 
dryness at room temperature and the 
residue was dissolved in 100 ml of 0.2 
n  NaOH. This was brought to pH 1 with 
HC1 and the insoluble precipitate was re
covered by filtration. The precipitate was 
again washed twice by dissolving it in 
NaOH and precipitating it from acid solu
tion. The washed precipitate was air-dried 
on filter paper and then extracted with 
benzene for 2 hours in a Soxhlet extractor.

The benzene-insoluble residue on the fil
ter paper was dissolved in 40 ml of 2 
n  NaOH and this was extracted 5 times by 
shaking with 40, 40, 20, 20 and 10 ml of 
n-butanol. The combined butanol extracts 
were adjusted to pH 4 with acetic acid to 
which was added 26 ml of 2% (w/v) of 
aqueous AgN03 and 26 ml of methanol. 
After standing overnight at 5°, a precipi
tate was collected by centrifugation and 
washed 3 times by suspension in methanol 
and centrifugation. To remove the silver 
and dissolve the growth factor, the precipi
tate was washed 5 times with 10 ml of 
methanol:2.0 N  HC1 (9:1). The combined 
washings were made to 100 ml with meth
anol and this solution will be referred to 
as the growth factor. The solution was 
bright yellow in color and an air-dried ali
quot contained 10.1 mg of dry residue/ml.

Recovery of triiodothyronine-iodine-125 6 * 
(T3-125I) from corpus luteum powder. This 
experiment was run to determine how far 
Tr12T would be carried through the pro
cedure described above. Corpus luteum 
powder (300 g) was extracted with or
ganic solvents as described above and just 
before acid hydrolysis, 200 aCi of T3-mI 
were added. After acid hydrolysis, another 
20 aCi of Ta-125I were added to the acid in
soluble residue that had been dissolved in 
NaOH. The growth factor solution was 
prepared as described above and aliquots 
were removed at various steps for radio
active measurements.

3 P urchased  from  D ublin  A nim al Laboratories, D ub
lin , V irginia.

4 T3 and  T4 w ere ob tained from  the Sigm a C hem ical 
C om pany, St. Louis.

5 See footnote 2.
e t3-125I, 10 mCi/mg, Volk Radiochemical Company,

Chicago.
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An aliquot of the original T3-12T and ali
quots of the fractions obtained during puri
fication were measured for radioactivity 
when the purification procedure was com
pleted. Radioactivity was measured in a 
Nuclear-Chicago Model DS-5, well-type 
scintillation counter.

Standardization of the growth factor. 
The growth-promoting potency of the 
growth factor was compared with T3. 
Thirty-six male, growth-arrested sulfagua- 
nidine-fed rats were divided into 9 groups 
of 4 rats each. Each rat in 6 groups was 
fed ad libitum 30 g of the sulfaguanidine- 
containing diet supplemented with 0, 0.5,
1.0, 2.0, 3.0 or 4.0 ug of T3. Each rat of 
the other 3 groups received 0.30, 0.40 or 
0.50 ml of the growth factor in 30 g of diet. 
When the rats had consumed the supple
mented diet, the sulfaguanidine-containing 
diet was fed for the remainder of a 14-day 
period. The 2-week gain in body weight 
was plotted against the dose of T3 and the 
equivalent quantity of the growth factor 
was estimated from the graph. That quan
tity of the growth factor or T3 which pro
duced a body weight gain of 30 g in 2 
weeks was defined as “one unit.”

Growth response of thyroidectomized 
rats. To establish that the growth factors 
would also elicit a growth response in thy
roidectomized rats, 6 growth-arrested, thy
roidectomized rats were divided into 3 
groups of 2 rats each. Each rat was fed 
30 g of the normal diet containing: one 
unit of the growth factor, or 2 units of the 
growth factor or, normal diet only. The 
rats were weighed every other day for a 
2-week period.

Paper chromatography. Onto separate 
strips of Whatman 3 MM paper, 2.5 cm 
wide, were applied: 1) one ug of T3; 2) 
2 ug of T4; 3) one unit of growth factor 
containing 1 ug of T3; and 4) one unit of 
growth factor. These were developed with 
methanol :H20 (1:1) by descending chro
matography in the dark at room tempera
ture. When dried, the strips were tested for 
iodine by the ceric sulfate-arsenious acid 
procedure of Kono et al. (7).

Goiter prevention assay. The procedure 
of Dempsey and Astwood (8) was used to 
test the ability of the growth factor to 
prevent goitrogen-induced hyperplasia of 
the thyroid gland. Forty-eight female rats

(110-130 g) were divided into 8 groups 
of 6 rats each. They were housed indivdi- 
ually and fed the normal diet for 3 days. 
On the fourth day, 7 groups were fed the 
normal diet containing 0.5% of 2-thioura- 
cil. The last group was continued with the 
normal diet and served as the normal con
trol group. On the fifth day and every day 
for 10 days, each rat of 4 groups of thio- 
uracil-fed rats was injected intraperitone- 
ally with 0.0, 0.10, 0.25 or 0.4 ug of 
Ta/100 g body weight. The other 3 groups 
of thiouracil-fed rats received 0.2, 0.3 or 
0.4 units of the growth factor/100 g body 
weight/day by intraperitoneal injection. 
Both T3 and the growth factor were ad
ministered in a volume of 0.3 m l/100 g of 
body weight.

To avoid the possibility of decomposi
tion, neither the T3 nor the growth factor 
were sterilized. However, they were diluted 
to suitable volumes with sterile saline in 
sterile containers.

On the eleventh day after the first injec
tion, the rats were killed. The thyroid 
glands were removed, cleaned of adventi
tious tissue, and weighed on a Roller-Smith 
torsion balance to the nearest 0.2 mg.

Effect of the growth factor on inosine- 
5'-monophosphate dehydrogenase. This 
enzyme catalyzes the oxidation of inosine- 
5'-monophosphate (IMP) to xanthine 5'- 
monophosphate, and it is inhibited by thy
roid hormones.7 This reaction was used to 
compare the growth factor with T3. The 
IMP-dehydrcgenase was partially purified 
from the liver of normal rats 8 and then 
incubated with IMP, nicotinamide adenine 
dinucleotide (NAD) and, T3 or growth fac
tor. The reduction of NAD was followed 
for 15 minutes at 340 mu in 1-cm cuvettes 
of a Beckman model DU spectrophotom
eter. The reaction is inhibited maximally 
by 10~9 m  Ts (or 0.00065 units/ml). The 
growth factor was tested at concentrations 
of 0.000065, 0.00065 and 0.0065 units/ml 
which would be equivalent to 10“10, 10-“ 
and 10_s m  T3.

Effect of the growth factor on adenylo
succinate synthetase. Thyroid hormones 
stimulate the synthesis of adenosine-5'- 
monophosphate (AMP) (9, 10) by stimu
lating the enzyme adenylosuccinate syn

7 U npublished experim ents.
8 U npublished experim ents.
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thetase.9 This enzyme converts IMP to 
adenylosuccinate and the effect of the 
growth factor on this reaction was deter
mined. The enzyme was partially puri
fied from the soluble fraction of livers ob
tained from normal rats by treatment 
with Ca3(P04)2 gel, precipitation with 
(NH-OzSCh (50 to 75% of saturation) and 
passage through a Sephadex A-50 column. 
Details of the purification procedure will 
be described elsewhere. The enzyme and 
necessary cofactors were incubated with 
0.0016 units/ml of T3 (2.5 X 10-9 m )  or 
0.00016, 0.0016 or 0.016 units/ml of 
growth factor. The synthesis of adenylo
succinate was followed at 280 mu (11) in 
1-cm cuvettes of a Beckman Model DU 
spectrophotometer.

Ashing and treatment with ninhydrin. 
Four grams of the crude corpus luteum 
powder were heated at 600° for 3 hours. 
The residue was taken up in 4 ml of 0.1 
n  HC1 and this was assayed for growth- 
promoting activity with 2 rats.

To 4 units of the growth factor solution 
were added 4 ml of methanol containing 
60 mg of ninhydrin. This was allowed to 
stand for 4 hours at room temperature and 
then assayed for growth promoting activ
ity with 3 rats.

RESULTS AND DISCUSSION

Recovery of T3-12SI. Of the initial 200 
pCi (141,216,075 cpm) added to the cor
pus luteum powder just before hydrolysis, 
only 7.0% (10,468,775 cpm) were recov
ered in the acid-insoluble residue after hy
drolysis. Of the total T3-mI added (220 
aCi), only 4.6% (7,040,000 cpm) were 
recovered in the final methanol :HC1 solu
tion of the growth factor. The bulk of the 
radioactivity was in the initial acid filtrate 
as would be expected because T3 is rela
tively soluble in HC1 and it is unstable to 
acid hydrolysis (4). Small quantities of 
radioactive material (less than 2% of the 
total added) were recovered in the other 
fractions. Thyroxine is less soluble than 
T3, but it also would be destroyed by acid 
hydrolysis (12). Haga (12) has reported 
that 86% of thyroid hormones are de
stroyed by acid hydrolysis in 3  n  HC1 for 
12 hours.

The radioactivity in the final product 
probably represents iodinated artifacts pro

duced during acid hydrolysis (13). These 
data do not provide conclusive evidence 
that thyroid hormones are absent from the 
growth factor solution, but serve to indi
cate that the probability of T3 appearing in 
the final product is low.

Standardization of the growth factor. 
Figure 1 illustrates the growth response of

Fig. 1 Growth response of growth-arrested, 
sulfaguanidine-fed rats to dietary 3,5,3'-triiodo-L- 
thyronine (T 3). The T3 was incorporated into 30 g 
of sulfaguanidine-containing diet and fed ad lib i
tum until it was consum ed. Each point is the 
average growth response of 4 rats. The m axim al 
standard error for any point was ± 1 .0 6  g. The 
growth response to 0.3, 0.4 or 0.5 m l of the 
growth factor solution w as 30, 34, 39 g /2  weeks, 
respectively. From this, it w as calculated that 
0.33 m l of the growth factor would elicit a body 
w eight gain of 30 g in 2 weeks and thus, this 
quantity would be equivalent to 1 gg of T3.

TABLE 1
Growth response of growth-arrested,1 thyroid- 

ectomized rats to the growth factor

Supplem ent 
to diet

In itia l 
body w t 2

Body w t 
gain  2

9 g / 2  weeks
None
Growth factor: 3

153 ,159 4, 1

1 unit 4 145, 136 2 8 ,3 1
2 units 132, 157 30, 39

1 No ra t  h ad  gained m ore th a n  4 g in  the  7 days 
before th is experim ent.

2 Two m ale ra ts /g ro u p . The d a ta  fo r each ra t  are 
shown.

3 The grow th fac to r w as incorporated  in to  30 g of 
no rm al d iet an d  fed ad lib itu m  u n til it  w as consum ed. 
The norm al d iet w as th en  fed  fo r the rem a in d e r of 
the  14-day period.

4 One u n it of growth fac to r is th a t am ount w h ich  
w ill e lic it a body w eight gain  of 30 g in  14 days in  
grow th-arrested, su lfaguan id ine-fed  ra ts . T his is equiv
a len t to 1 ag of 3,5,3'-triiodo-i.-thyronine (T 3).

9 U npublished experim ents.
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growth-arrested rats to varying quantities 
of T3. One microgram of T3 produced a 
gain of 29.8 ± 1.1 g in 2 weeks. Based on 
the growth responses to the growth factor, 
it was calculated that 0.33 ml (or 3.29 mg 
of dry matter) was equivalent to 1 ng of T3. 
This quantity was defined as “one unit.”

During these investigations, it became 
evident that the sensitivity of rats to T3 
decreased as the rats grew older. This is 
evident by comparing the results of previ
ous experiments with the results reported 
here. In experiments with rats 13 weeks of 
age, 2.7 ug of T3 were required to produce 
a gain of 30 g in 2 weeks (5). For this 
reason, a unit is defined more explicitly 
as that quantity of growth factor (or hor
mone) which will produce a gain of 30 g 
in 2 weeks in growth-arrested, sulfaguani- 
dine-fed rats, 8 weeks of age.

Growth response of thyroidectomized 
rats. As summarized in table 1, growth- 
arrested, thyroidectomized rats also re
spond to the growth factor. Although the 
number of rats used in this experiment 
was limited to conserve the growth factor, 
the growth response was approximately 
the same as that of growth-arrested, sulfa- 
guanidine-fed rats, for example, one unit 
elicited a gain of 29 g in 2 weeks.

These data suggest to us that the growth 
factor is not an intermediate in the syn
thesis of thyroid hormone by the thyroid 
gland, but the growth factor can substitute 
for the thyroid hormones insofar as growth 
is concerned.

Paper chromatography. Figure 2 dem
onstrates that no iodine could be detected 
in the growth factor preparation and, 
therefore, the growth factor is not an 
iodinated compound.

Goiter prevention assay. As shown in 
figure 3, the ability of T3 to prevent hyper
plasia of the thyroid gland increased lin
early with the dose. The projected inter
cept with the weight of thyroid glands of 
normal rats was 0.77 ng of T3/100 g body 
weight/day, which is somewhat higher 
than the value of 0.65 ug/'lOO g body 
weight/day observed by Gross and Pitt- 
Rivers (6). However, the growth factor did 
not produce the same response pattern as 
the T3. It tended to prevent hyperplasia 
but not to the same degree as T3. The pat
tern is similar to the response observed

previously with a growth factor obtained 
from duodenal tissue (3). These results 
support the conclusion that the growth 
factor is not one of the known thyroid 
hormones.

F ig . 2 P a p e r  c h ro m a to g ra p h y  of th y ro id  h o r 
m o n e s  a n d  th e  g ro w th  fa c to r .  S trip  1, 1 jig o f  T a 
( t r i io d o th y ro n in e ) .  S trip  2, 2 fig o f  th y ro x in e . 
S trip  3, 1 u n i t  o f  th e  g ro w th  f a c to r  p lu s  1 Mg of 
T 3. S trip  4 , 1 u n i t  o f  th e  g ro w th  fa c to r .  S o lv en t: 
m e th a n o l :w a te r  ( 1 :1 ) .  T h e  p a p e rs  w e re  tr e a te d  
w ith  c e ric  su lfa te -a r s e n io u s  a c id  a s  d e sc rib e d  by  
K ono  e t a l. ( 7 )  to  d e te c t  th e  io d in a te d  c o m 
p o u n d s .
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Dose/IOOg B.W/Day

Fig. 3 Comparison of the growth factor w ith T3 (triiodothyronine) by the goiter-rreven- 
tion assay. Fem ale rats (1 1 0 -1 3 0  g ) were fed  a diet containing 0.5% thiouracil for 11 days. 
The growth factor or T3 w as adm inistered intraperitoneally for 10 days. Each point is the 
average of 6 rats ±  sn. One microgram of T3 was equivalent to 0.33 m l of the growth factor 
(see  fig. 1 ). “Norm al” represents the relative w eight of thyroid glands of rats fed the diet 
without thiouracil.

Effect of the growth factor on IMP- 
dehydrogenase. Figure 4 illustrates that 
the reduction of NAD by this enzyme was 
markedly inhibited by 10~9 m  (0.00065 
units/ml) T3. The growth factor had no 
effect on this reaction over a 100-fold con
centration range. We conclude from these 
results that the growth factor is not T3.

Effect of the growth factor on adenylo
succinate synthetase. Although 2.5 X 
10“9 m  (0.0016 units/ml) T3 stimulated 
this reaction as expected, the effect of the 
growth factor was less clear cut (table 2). 
All 3 concentrations of the growth factor 
inhibited the reaction but the degree of 
inhibition was not correlated with the con
centration of the growth factor. Maximal 
inhibition occurred with 0.00016 units/ml 
but increasing the concentration 100-fold

had no greater inhibitory effect. When T3 
and the growth factor were incubated 
simultaneously with the enzyme, the maxi
mal stimulatory effect of T3 was not re
alized.

This inhibition by the growth factor may 
be the result of toxic contaminants in the 
preparation but the possibility that inhibi
tion is due to the growth factor must be 
considered until a more purified prepara
tion of the growth factor is obtained.

Effect of ashing and of ninhydrin on the 
growth factor. When the acid extract of 
the ashed sample of corpus luteum powder 
was fed to 2 rats, the growth response 
was 4 and 6 g in 2 weeks. Therefore, the 
growth response to corpus luteum powder 
was not due to some inorganic compound.



G R O W TH  FA CTO R IN  CO R PU S L U T E U M 171

Fig. 4  Response of inosine monophosphate-dehydrogenase to the growth factor and to 
T3 (triiodothyronine). Incubation m edia: ( in  /¿moles) nicotinam ide adenine dinucleotide 
(NAD), 14.7; inosine-5'-m onophosphate, 19.8; T ris( hydroxym ethyl) amino m ethane-phosphate 
(pH 7.6), 20; 0.03 m g of enzym e protein in  a total volum e of 1.5 m l. T3 w as 10-9 M  (or  
0.00065 u n its /m l)  and the growth factor w as tested at 3 levels: 0.000065, 0.00065, and 
0.0065 u n its /m l (equivalen t to 10~10, 10-9 , 10-8 m  of T3, see fig. 1 ). The reduction of NAD  
was follow ed at 340 m/i for 15 m inutes in  spectrophotom eter cuvettes using a blank w hich  
contained enzym e, NAD and buffer. All 3 concentrations of the growth factor gave a response 
identical to that of the control.

Three units of the growth factor treated 
with ninhydrin produced gains of 2, 6, and 
10 g/2 weeks in 3 rats. This suggests that 
the growth factor may be an amine. It is 
of interest to note that ninhydrin-stable 
growth factors have been obtained from 
duodenal powder (4) and from thyroid 
powder.10

These results lead us to conclude that 
corpus luteum powder contains a growth 
factor which is capable of reinstating 
growth of growth-arrested, thyroid hor
mone-deficient rats and that it is not one 
of the known thyroid hormones.

Because of the presence of the growth 
factor in corpus luteum, we suggest that

the growth factor may be necessary or im
portant in the development of the fetus. 
The corpora lutea exist only during ges
tation or pseudo-pregnancy, and it is 
conceivable that the presence of growth 
factors in certain other tissues (1) is de
pendent on the existence of the corpora 
lutea. Experiments are now underway to 
test this hypothesis. It seems reasonable to 
suppose also, that the growth factor is re
lated in some way to thyroid hormone 
function. We have previously reported 11

E. R u ark  an d  C. J. A ckerm an. G row th fac to rs in  
corpus lu teu m  and  thyro id  tissue. VII In te rn a tio n a l 
Congress on N u trition , August, 1966, H am burg, 
G erm any.11 See footnote 10.
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TABLE 2
Response of adenylosuccinate synthetase to the 

growth factor and to triiodothyronine

Incubation media Absorbancy (A) 
at 280 m/t

Complete 1
A A / 3 min 

0.625
C om plete+  T3, 0.0016 u n it s /m l2 1.223
Complete +  growth factor, 

0.00016 u n its /ih l 2 0.494
Complete +  growth factor, 

0.0016 u n its /m l 2 0.490
Complete +  growth factor, 

0.016 u n its /m l 2 0.550
Complete +  growth factor, 

0.0016 u n its /m l+
Ts, 0.0016 u n its /m l 2 0.720

1 Complete m edia: ( in  /¿moles) T ris (hydroxym ethyl) 
am inom ethane*H C l (p H  7 .2 ), 20; inosine-5'-mono- 
phosphate , 0.7; guanosine-5 '-triphosphate, 0.5; MgCl2, 
2.0; asparta te , 2.5; and  0.102 m g of enzym e protein  
in  a  to ta l volum e of 3.0 m l incubated  in  a ir  a t 37° for 
30 m inu tes. The reaction  w as stopped by the  addition  
of 0.2 m l of 6  n  HCIO4. A fter cen trifugation , the 
absorbancy of the  su p e rn a tan t frac tio n s w as m easured  
agains t a b lan k  w hich  w as obtained from  a  reaction  
vessel th a t  h ad  been incubated  w ith  a ll ingred ien ts 
except aspartate .

2 One u n it of T3 ( triiodo thy ron ine) equals one fig 
of T3 (o r  0.0016 u n its /m l equals 2 .5 x 10- 9 m ). One 
u n it of grow th fac to r is defined in  table 1, footnote 4.

briefly the preparation of a ninhydrin- 
stable growth factor from thyroid powder 
by a procedure very similar to that de
scribed here.
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Zinc, Copper and Iron Concentrations in Hair and 
Other Tissues: Effects of low zinc and 
low protein intakes in rats 1,2
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D ep a rtm en t o f B iochem istry, A m erica n  U niversity  o f B eiru t,
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A B ST R A C T  T he effects o f p u rified  d iets co n ta in in g  2 to 4 p p m  of z inc  u p o n  con
c en tra tio n s  o f  z inc  in  liver, k idney , p an creas , sp leen , sm a ll in te s tin e  a n d  in  h a ir  w ere 
s tu d ied  in  ra ts . P a ir-fed  con tro ls received 20 or 30 p p m  of zinc. C asein  an d  g e la tin  
served as sources o f p ro te in . A m ong th e  v iscera l o rg an s stud ied , on ly  th e  sm a ll in 
tes tin e  show ed c o n sis ten t a n d  s ign ifican tly  decreased  co n cen tra tio n s o f z inc  com pared 
w ith  th e  contro ls. T he z inc  co n cen tra tio n  in  h a ir  w as fo u n d  to decrease  su b s tan tia lly  
w ith in  40  days a f te r  th e  low  zinc  d iets s ta rte d  to he  fed , a n d  decreased  progressively 
th e rea fte r. D u rin g  th e  sam e in te rv a ls , th e  c o n cen tra tio n  of z inc  in  th e  h a ir  of con tro l 
ra ts  in creased  considerab ly . T he com bined  effects o f low  zinc  w ith  low  p ro te in  (7 .4%  ) 
in ta k e s  w ere stud ied . No effect u p o n  tissu e  z inc  co n cen tra tio n s w h ich  cou ld  be 
a ttr ib u te d  to th e  low  p ro te in  in ta k e  w as d em onstra ted . H ow ever, low  in tak es o f p ro 
te in , e ith e r w ith  o r w ith o u t z in c  su p p lem en ta tio n , w ere assoc iated  w ith  sign ifican tly  
e levated  co n cen tra tio n s o f copper in  liver. In  co n tra st, low  in ta k e s  of z inc  h a d  no  
d em onstrab le  effect upo n  th e  c o n cen tra tio n  o f copper in  th e  tissues stud ied . Iro n  
c o n cen tra tio n  in  th e  h a ir  o f w ean lin g  r a ts  w as u n ifo rm  w ith in  litte rs  b u t d iffered  m ark 
edly  be tw een  litte rs . T he d ifferences d isap p eared  w ith  tim e. No re la tio n sh ip  of iro n  in  
h a ir  to z inc  n u tr it io n  w as detected.

Consumption of diets containing less 
than 12 ppm of zinc causes impairment of 
growth and well-being in the rat when 
casein is the principal source of protein 
(1). However, attempts to relate the ef
fects of low zinc intake to changes in zinc 
concentration in the tissues have yielded 
conflicting results. Most examinations of 
tissue zinc concentrations have been made 
using the fowl. Turk (2) observed no 
lowering of tissue zinc concentration and 
Kienholz et al. (3) reported none in 14 of 
15 tissues examined. The exception was 
liver which some (4-5) but not all in
vestigators noted to be affected. The same 
is true of pancreas (6) and duodenum
(5). A study of zinc deficiency in calves 
showed a striking decrease in zinc in pan
creas with much smaller changes in bone, 
liver, kidney and spleen, in that order. By 
contrast no change in zinc concentration 
occurred in parakeratotic pigs in pancreas 
nor in muscle, skin, intestines or erythro
cytes, with variable results for fiver, kid
ney, bones and plasma (8). In studies of 
the zinc content of zinc-depleted rats con
siderable change occurred in the carcass
(9) but these results reflect primarily

changes in zinc-rich tissues such as bone 
and hair. Macapinlac et al. (10) observed 
zinc concentrations in bone to be decreased 
by two-thirds in rats fed diets low in zinc 
for 7 weeks. Zinc concentration in the 
testis also decreased significantly. In con
trast, a tendency toward high values 
occurred in the fiver and muscle. It is evi
dent that additional information concern
ing changes in tissue zinc concentration in 
rats and the factors governing them is 
needed to obtain insight concerning the 
disturbances associated with zinc defi- 
ficiency.

Our interest in the relationship of zinc 
intake to the zinc content of tissues arose 
in part from the need to correlate meas
urements of enzyme activity in tissues (to 
be reported later) with the tissue zinc con- * 1

Received fo r p ub lica tion  N ovem ber 19, 1966.
1 Supported in  p a r t by Public  H ealth  Service Re

search  G ran ts no. AM-09622 an d  AM-05285 from  the  
N atio n a l In s titu te  of A rth ritis  an d  M etabolic Diseases.

2 A po rtion  of th is  study w as subm itted  by Teresa A. 
Thom as as a  thesis to th e  D epartm ent o f Biology of 
th e  A m erican  U niversity  o f B eiru t in  p a r tia l fu lfill
m en t of th e  requ irem en ts fo r the  degree of M aster of 
Science.

3 R ecipient o f a  N atio n a l Science F oundation  Fellow
sh ip  fo r Secondary School T eachers of Science. P res
e n t address: P roctor Foundation , U niversity  of Cali
fo rn ia  M edical Center, San Francisco.
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centrations. A further objective was a 
search for aids to the diagnosis of zinc 
deficiency to decrease the dependence 
upon the measurement of zinc concentra
tion in blood serum for this purpose. The 
latter has serious shortcomings. The anal
ysis of hair to establish its concentration of 
zinc offers promise as such an aid ( I l 
ls ) . Experimental support for such use 
has been obtained and is described.

The metabolism of zinc is believed to be 
closely related to that of calcium, copper, 
iron and other trace metals (14). Zinc 
deficiency in man (15) is accompanied by 
a low concentration of iron and an elevated 
concentration of copper in blood serum. 
Moses and Parker4 observed copper and 
iron to accumulate in tissues of rats on 
low zinc intake. The coincidence of hep
atomegaly in youths with zinc deficiency 
(15, 16) and the prevalance of unex
plained liver involvement in young boys in 
the Shiraz region (17) where human zinc 
deficiency was first described, suggested 
that copper might be an etiological agent. 
Moreover, Ritchie et al. (18) reported that 
zinc protected against copper poisoning. 
We have, therefore, included studies of 
copper in tissues of zinc-deficient and zinc- 
supplemented rats to test this possibility. 
Measurements of iron concentration were 
also made.

EXPERIM ENTAL

Rats of a local Sprague-Dawley strain 
were housed in stainless steel cages. The 
diets used were based on those described 
by Forbes and Yohe (1) except that a 
protein mixture consisting of casein, 4 
parts, and gelatin, 2 parts, was fed at 
levels of 14.8% unless otherwise specified. 
For removal of zinc, casein was suspended 
in 0.15% solutions of disodium ethylene- 
diaminetetraacetate (EDTA) which were 
renewed two to five times after decanta
tion or filtration. The casein was then re
suspended in water repeatedly to remove 
the EDTA and air-dried on paper with the 
aid of an electric heater. Gelatin and su
crose contained no measurable zinc and 
were used as purchased. The diet con
tained 1% calcium monohydrogen phos
phate 5 which was also used without puri
fication. This was the major source of 
the zinc which remained in the diet. The

salt and vitamin mixtures were based on 
those described by Forbes and Yohe (1); 
however cellulose, tetracycline and vitamin 
B12 were omitted. Diets were mixed me
chanically and stored in a refrigerator.

The zinc content of the diets was meas
ured following digestion with sulfuric, 
nitric and perchloric acids with the aid of 
dithizone according to Wolff (19).

The series of experiments described was 
conducted over a period of 30 months. 
Two to four groups of 4 to 8 rats of both 
sexes, ranging in weight from 40 to 94 g 
were used to investigate factors such as 
low protein intake which may affect zinc 
metabolism. Each such experiment is des
ignated as a series. Rats from the same 
fitter were paired so as to provide a control 
of the same sex for each rat fed a zinc- 
deficient diet. When the effects of a fac
tor such as protein level were evaluated, 
pair-fed controls were included at each 
protein level.

Food consumption which was equalized 
daily averaged 6 g/day during the first 4 
weeks, increasing to 7, 8, 9 and 10 g by 
approximately weekly increments there
after to a maximum of 15 g at 5 months 
in series 5. The concentration of zinc in 
the diets shown in table 1 multiplied by 
these figures enables calculation of the 
zinc intakes. These ranged during the 
first 4 weeks from 12 to 26 ug of zinc/day 
in the animals designated “deficient,” and 
increased correspondingly during later 
stages of growth as food intakes increased.

The pair-fed control rats received the 
same diet except that 20 ppm of zinc was 
incorporated into the diet as carbonate in 
series 1 to 5 and 30 ppm in the later se
ries. Deionized water was supplied ad 
libitum.

Rats were sheared with electric clip
pers over the entire ventral surface 7 to 
10 days after being fed the diets. Hair so 
removed was washed with a sulfonated 
fatty acid detergent, rinsed repeatedly with 
water until no evidence of foaming was 
detected, washed twice with 95% ethanol 
and finally with ether. The washing con
sistently caused small losses of zinc, never

4 Moses, H. A., an d  H. E. P ark er 1964 F ederation  
Proc., 2 3 :  132 (a b s tra c t) .

5 C alcium  phosphate. M ay and  B aker, firs t 4 series. 
E. M erck, G.M.B.H., D arm stad t, G erm any; purified, 
pow dered in  the  rem ainder.
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exceeding 5%. Doubling the number of 
washing operations caused no additional 
loss. Subsequent shearings were confined 
to the newly grown hair. Sufficient yield 
of hair for analysis could be obtained at 
intervals of 30 to 40 days, although un
favorable hair-growth cycles and impaired 
hair growth when diets with low zinc or 
protein contents were fed sometimes ex
tended this period to 50 days.

Samples of tissues for analysis were re
moved within a few minutes after exsangu
ination of the rats. The animals were 
anesthetized lightly with ether, the tho
racic cavity was exposed and 0.3 ml of 
heparin solution introduced. The vena 
cava was opened by a small cut made 
with scissors and blood aspirated from the 
thoracic cavity into a polypropylene 
syringe. The small intestine was removed. 
A catheter was introduced into the vena 
cava and the liver perfused with cold 
0.85% NaCl solution until no further 
blood appeared in the returned perfusate 
and the liver was nearly colorless. (Per
fusion was omitted in series 1 to 3). The 
intestine was flushed repeatedly with cold 
saline, placed on a glass plate supported 
on ice and the mucosa stripped with a 
microscope slide. Samples of liver, kidney, 
pancreas, spleen, and intestinal mucosa 
were weighed and reduced to a homog
enate in a Potter-Elvehjem homogenizer 
after dilution with 10 or 20 volumes of 
0.85% NaCl. A glass homogenizer and 
Teflon pestle were used. Samples were 
removed for nitrogen analysis by a micro- 
Kjeldahl method. Zinc analyses were per
formed after digestion as described else
where (11, 17) by means of Zincon (20) 
(series 1 to 6 inclusive) or later by atomic 
absorption spectrophotometry (series 7 and 
8). The results obtained by the 2 meth
ods applied to samples of the same tissue 
did not differ significantly. Copper was 
measured in series 5 and 6 by the method 
of Stoner and Dasler (21) and in later 
series by atomic absorption spectropho
tometry. For analysis of iron in hair, or
ganic matter was destroyed by digestion 
with equal parts of nitric and perchloric 
acids and water. The residue was taken up 
in water after addition of 0.2 ml of 0.1 N 
H2SO4. Iron was measured by use of sul- 
fonated bathophenanthrolene (22). Blood

was centrifuged and plasma stored in 
polyethylene containers. Plasma zinc was 
measured by atomic absorption spectro
photometry after treatment with hydro
chloric and perchloric acids as described 
elsewhere (17).

RESULTS

E ffe c ts  o f  lo w  z in c  in ta k e  o n  g r o w th  a n d  
d e v e lo p m e n t. Rats receiving the diets 
with a low content of zinc gained less 
weight than their pair-fed controls. Im
pairment of growth became evident from 
the time the rats fed the zinc-depleted 
diets began to recover weight lost when 
they were originally fed the purified diets. 
Decreased food consumption was an early 
and conspicuous response to the zinc-defi
cient diets. The resulting limitation of 
food intake required by paired feeding of 
the controls often curtailed growth of the 
latter. The most marked difference in 
weight between deficient and controls was 
18% at 60 days (series 8). The smallest 
was 2.7% at 73 days (series 7). The me
dian difference was 12%.

The rats making up series 8 with a some
what higher daily intake of zinc were more 
vulnerable in terms of weight differences 
and depletion of zinc in hair and liver 
than were others whose zinc intake was 
less. The rats making up series 5, how
ever, showed little impairment of growth, 
but marked differences in tissue zinc. The 
longer duration of the feeding period may 
partially account for the latter.

C o n c e n tra tio n  o f  z in c  in  tis su e s . The 
effect of feeding diets from which nearly 
all zinc had been removed upon zinc con
centration in tissues is shown in tables 1 
and 2. The behavior of the zinc concen
tration of visceral organs was evaluated 
by comparing the mean concentrations in 
the depleted rats with those of their pair- 
fed controls. The frequency of a given 
response was tabulated as well. The dif
ference between pairs of rats was con
sidered significant when it exceeded 4 
times the precision of zinc measurements 
for a given tissue.

The jejunum and duodenum showed 
the greatest and only significant effects, 
as shown in table 2. The behavior of the 
ileal portion of the intestine, for which 
results are not presented, was similar. A
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trend toward lower concentrations occur
red also in the liver but the difference be
tween means fell short of significance. 
Moreover, the frequency of decreased con
centrations did not differ from that of 
kidney which remained least affected 
among the organs examined.

Zinc concentration in pancreas and 
spleen varied more widely than that of 
other tissues. Although the mean zinc 
concentration in the pancreas decreased 
in rats fed the deficient diet, the differ
ence was not significant statistically. The 
spleen showed a curious lack of consist
ency in behavior in that zinc concentra
tion was higher in twelve of the deficient 
members of the 30 pairs of rats in which 
the spleen was examined. This was offset 
by the occurrence of a significant decrease 
in thirteen, so that the mean remained 
unchanged.

There was no significant change in ni
trogen content of the tissues associated 
with intake of the low zinc diets having a 
low content of zinc. DNA and RNA meas
ured in 2 experiments in liver, kidney, 
pancreas and intestine showed no differ
ence which could be attributed to zinc in
take and data have been omitted.

Concentration of zinc in hair. The 
largest and most consistent changes in tis
sue zinc concentration occurred in hair. 
The data are summarized in table 1. There 
is a reasonably close correlation between 
decrease in zinc concentration in hair and 
difference in weight gain between control 
and zinc-deficient rats, those in series 5 
being the exception. In figures 1 and 2, 
the original zinc concentration is equated 
to zero and changes from this value is 
recorded. In contrast with the decreased 
concentration of zinc in the hair of defi
cient rats, its concentration in the pair- 
fed controls increased during the periods 
of study (fig. 2). For this reason, the 
effect of low zinc intake on zinc concen
tration in hair is most accurately demon
strated by the difference in zinc concen
tration between the rats fed the deficient 
diet and that in their pair-fed controls. 
However, the original concentration serves 
as an adequate base line for comparison. 
The response of hair composition to low 
zinc intake was somewhat more consistent 
in males than females.
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Fig. 1 E ffects u p o n  z inc  c o n cen tra tio n  in  h a ir  of th e  con su m p tio n  of d iets co n ta in in g  
2 to 4 p p m  of zinc. T he ch an g e  in  z inc  co n cen tra tio n  is show n on th e  o rd in a te . T h is 
rep resen ts loss or g a in  in  zinc d u rin g  th e  in te rv a l be tw een  a n  in it ia l  sh ea rin g  a n d  sub
seq u en t sh ea rin g s a t th e  in te rv a ls  show n. E ach  rec tan g le  rep re sen ts  th e  d a ta  fo r a  single 
r a t  d u rin g  th e  period  of days show n on  th e  abscissa.

Zinc in hair of control rats

Fig. 2 E ffects u p o n  z in c  co n cen tra tio n  in  h a ir  o f th e  co n su m p tio n  of d iets co n ta in in g  
30 p p m  of zinc. T hese  a re  p a ir-fed  con tro ls o f th e  ra ts  fo r  w h ich  d a ta  a re  show n in  
figure  1, a lth o u g h  th e  positions of th e  con tro ls do n o t necessarily  correspond  to those of 
th e ir  p a ir-m ates in  figure 1.
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Effects of low protein intake on zinc 
concentration in tissues. In 2 experi
ments, rats were fed diets containing 7.4% 
protein in combination with low zinc in
take, the casein-gelatin mixture being 
maintained in the same proportions as in 
rats receiving the 14.8% protein diet. 
Calories were replaced by extra sucrose. 
The results of one of these experiments 
designated 3LP are shown in table 1. Com
parison with those rats receiving the diet 
containing 14.8% protein, designated NP, 
fails to show any significant effect on tis
sue zinc concentration which could be at
tributed to the lowered protein intake. 
However, it is possible that effects on the 
rate of growth of low protein and low zinc 
intake are to some degree additive. Stud
ies are being continued on this aspect of 
the problem.

Concentrations of zinc in plasma. A 
low yield of plasma in many experiments, 
particularly those on smaller rats, pre
vented dependable zinc analyses. Hemoly
sis also proved troublesome. Twenty-eight 
acceptable samples of plasma were ob
tained, 13 from the rats receiving low zinc 
intakes and 15 from random controls. The 
concentration of zinc in the former was 
1.586 ug/ml, in the latter 1.685 ng/g, an 
insignificant difference.

Effect of low zinc intake on copper con
centration in tissues. No effect of low 
zinc intake on the copper concentration in 
liver, kidney, duodenum, jejunum, ileum 
or pancreas was detected. Table 3 shows 
data selected from 3 series of rats in 
which tissue copper concentration was 
measured in those receiving low zinc and 
zinc-supplemented diets.

A significant effect of lowered protein 
intake on the copper concentration in 
liver occurred in series 3. The concen
tration of copper in the liver was doubled 
in the rats receiving the 7.4% protein in
take. This difference is highly significant. 
A similar trend occurred in series 2; how
ever, several of the fiver copper analyses 
were lost in the control rats of this series 
and differences were not significant.

Copper concentrations in hair. No cor
relation between zinc intake and copper 
concentration in hair was observed in the 
course of these experiments. The copper 
concentration in the hair of 58 weanling
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TABLE 4
Iron  concen tra tion  in  ha ir o f control a n d  zinc-deficien t rats

Series Litter No. of 
rats

Iron concentration, days
0 50-80 150

M /g iig/g u-g/g
C ontrol

6 A 4 2 8 .5 ± 3 .3 1  1 10.8 ± 2 .4 5 —

B 3 1 1 .1 ± 0 .3 9 13.1 ± 3 .4 2 —

5 4 7.8 ± 5 .4 6 13.1 ± 2 .0 4 22.4 ± 5 .8 4

Z inc-deficient
6 A 3 30.2 ± 6 .9 0 13.1 ± 3 .4 0 —

B 4 13.9 ± 3 .2 3 28.4 ± 8 .0 0 —

5 5 9.2 ± 7 .2 2 1 5 .3 ± 3 .1 8 16.3 ± 5 .0 3

i M ean ±  sd.

rats was 13.5 ± 0.42 ug/g. This agrees 
well with the values for hair of humans 
of various ages (11). A trend toward 
higher copper concentration in hair oc
curred in the rats. After 50 to 80 days it 
had increased to 15.6 ± 1.11 ug/g and at 
150 days was double the original figure 
(series 5). The increase in the zinc-defi
cient rats was the same as in the control 
rats.

Concentration of iron in hair. Iron con
centration was measured serially in the 
hair of 2 groups of rats. The results are 
shown in table 4. It was observed that the 
concentration of iron of young rats varied 
widely although the concentration within 
a given litter was relatively uniform. 
Typical results are illustrated by the 3 
litters included in table 4. In 8 additional 
fitters the mean iron concentrations ranged 
from 8.5 to 39.9 ug/g. Analysis of vari
ance shows the differences between fit
ters to be highly significant as compared 
with variations within the fitters. The 
initial iron concentration also appeared to 
be related to subsequent changes in the 
iron concentration. When the initial val
ues were high, the concentration decreased 
and vice versa. No relationship of iron in 
hair to zinc concentration or to zinc nu
trition could be demonstrated.

DISCUSSION

One of the major objectives of our study 
was the evaluation of the responsiveness 
of the zinc concentration in hair to lowered 
content of zinc in the diet. Studies of hair 
in humans suffering from zinc deficiency 
have demonstrated a considerable decrease

in zinc concentration (12, 13). Few stud
ies have been made of the effects of con
trolled zinc intake upon the composition 
of hair. In contrast with our results, 
Macapinlac et al. (10) failed to demon
strate a decrease in concentration of zinc 
in dorsal hair after 50 days of a low zinc 
intake. However, the deficient rats of 
these workers differed from control rats in 
failing to exhibit the large increase in 
zinc concentration which occurred in the 
latter. In our experiments, the decrease in 
zinc concentration observed occurred only 
in hair grown during the experimental 
period. However, the ability of hair anal
ysis to provide evidence concerning the 
state of zinc nutrition is supported.

The increase in zinc concentration in 
the hair of the controls with an intake of 
30 ppm of zinc suggests that the optimal 
requirement for zinc may have been ex
ceeded and that the surplus was being re
moved from the carcass, in part, by way 
of the hair. Further observations of the 
quantitative relationship between zinc in 
the diet and in hair, particularly at con
centrations intermediate between those 
studied, will be of interest.

It is noteworthy that consumption of 
diets containing a substantially lowered 
concentration of zinc caused relatively 
little change in the zinc concentration of 
fiver, kidney, pancreas, or spleen. How
ever, zinc concentration in the small in
testine was significantly decreased through
out its length. Studies to be described later 
show that the changes in zinc concentra
tion were associated with markedly de
creased alkaline phosphatase activities.
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Hence the suggestion made by Hove et al. 
(23) that the intestine may be particu
larly vulnerable in zinc deficiency in the 
rat is upheld.

Since the quantity of zinc provided to 
the deficient rats was one-tenth or less of 
that ordinarily present in the diet and 
one-third to one-sixth of that stated to be 
a minimum requirement for the rat, a 
considerable ability to conserve zinc is 
demonstrated by visceral organs, other 
than the small intestine, over periods ex
tending up to 5 months. Effects on growth 
were moderate but significant.

No evidence of an increase in tissue cop
per concentration in zinc-deficient animals 
such as that reported by Moses and Parker6 
was observed in our study. The signifi
cantly increased concentration of copper 
in livers of the rats fed diets low in pro
tein is noteworthy. A similar response is 
suggested by a study made by McCall and 
Davis (24). However, low protein intakes 
apparently had no effect upon the zinc 
concentration in tissues. Platt and 
Frankel (25) observed a considerable 
change in zinc in serum and livers of 
pigs fed diets in which protein content 
was low and of poor quality.

Hair is one of few tissues in which 
measurement of iron concentration is not 
complicated by the presence of blood. A 
marked difference in iron concentration 
in hair between litters contrasts with the 
uniformity of results within the litter. 
Prenatal factors are undoubtedly re
sponsible.
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Vanadium in Some Biological Specimens * 1 * *

R U N E SOREMARK
B iophysica l Laboratory, H arvard School o f D enta l M edicine, 
B oston, M assachusetts

A B ST R A C T  T h e  c o n cen tra tio n  of v a n ad iu m  w as stu d ied  in  som e com m on fru its  
a n d  vegetables, a n im a l foods, a n d  in  d rin k in g  w a te r  fro m  various geographica l a reas 
by m ea n s  of th e rm a l n e u tro n  activ a tio n  analysis. In  general, th e  co n cen tra tio n  of 
v a n ad iu m  w as fo u n d  to  be  very low  (1 0 “ 4 p p m ), a lth o u g h  th ere  w as a  p ron o u n ced  
d ifference am o n g  species. L obster g e la tin , m ackere l, parsley , dill, le ttu ce , rad ish es , 
sa rd in es , a n d  E ver (c a lv es )  w ere fo u n d  to be re la tiv e ly  rich  in  v an ad iu m . A com 
m erc ia l lab o ra to ry  ra tio n  fo r  ra ts  w as fo u n d  to c o n ta in  as m u ch  as 1.5 p p m  v a n a 
d iu m  (f re s h  w e ig h t) . T here  w ere, how ever, som e geographica l v a ria tio n s  of th e  
v a n ad iu m  co n cen tra tio n  in  th e  specim ens analyzed . T he u p tak e  of rad io v an ad iu m  
( 48V ) by vegetables f ro m  th e  soil v a ried  fro m  one vegetable to ano ther. How ever, 
th e  ra tio  o f th e  va lues ob ta in ed  w ith  n e u tro n  ac tiv a tio n  analysis a n d  w ith  th e  48V 
u p tak e  s tu d y  w as c o n s tan t th ro u g h o u t. A u to rad iography  show ed th a t  fish  accu m u 
la te d  48V in  bone, fins, sk in , a n d  Ever.

Reviews concerning the possible physio
logical roles of vanadium have been pub
lished (1, 2). For example, inhibition of 
the biosynthesis of cholesterol has been 
ascribed to vanadium. It has also been 
stated, although contradictory, that the 
mineralization of teeth and bones during 
the period of development is promoted by 
vanadium and that a proper dietary in
take of vanadium has an inhibiting effect 
on dental caries.

Vanadium has not been found to be 
particularly toxic to man (2). However, 
it has been observed to be very toxic to 
mice, rats, and chicks (3-6). Pam-Huu- 
Chanh (6) reported that sodium meta
vanadate is an extremely toxic agent with 
a very prompt action in rats; in mice the 
effect is much slower.

Vanadium is probably widely distributed 
in minute concentrations in the sea, soil, 
and in plants. Fukai and Meinke (7) 
studied the concentration of vanadium in 
seaweeds, mollusks, fishes, and sea water 
using neutron activation analysis. The 
soft tissues of the fishes contained about 
2 X 10~7 g vanadium/g dried matter, and 
seaweeds and mollusks about 2 X 10~6. 
The concentration of vanadium in sea 
water was found to be 3 X 10-10 g V/g 
dried water. Activation analysis has shown 
that random samples of milk powder from 
San Diego have a vanadium content of

15 ppb. The vanadium content of drink
ing water in the U.S.A. varies from zero 
to 220 ppb (8).

It is known that species of ascidians 
concentrate vanadium in their blood cells. 
Centrifuged blood cells of Ascidia nigra 
contain 1.45% vanadium (9). Rezayera
(10) showed that vanadium in A. aspersa 
was in a dynamic equilibrium of V111 and 
VIV in the blood cells. He concluded that 
the physiological action of vanadium is 
likely to play a role in an oxidation-reduc
tion reaction in the blood cells. Neutron 
activation analysis showed vanadium in 
human erythrocytes in an extremely low 
concentration (11). The effects of sodium 
chromate, molybdate, tungstate, and meta
vanadate on the activity of xanthine de- 
hydrase have been compared (12); it was 
found that sodium chromate and meta
vanadate inhibit the action of this enzyme, 
whereas the other two activate it.

The pentavalent metavanadate can in
hibit the cellular division of Chaos dif- 
fluens, whereas the tetravalent vanadyl 
sulphate has no effect (13). An excep
tionally high vanadium content, (about 
100 ppm, dry weight) has been observed 
in toadstools (14).
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The distribution of 4SV20 5 has been 
studied in mice autoradiographically and 
by scintillation counting at various inter
vals after an intravenous injection of the 
labeled solution (15). The amount of 
radiovanadium was found to be highest 
in bones and teeth. It decreased in the 
following tissues in this order: visceral 
yolk sac epithelium, lactating mammary 
glands, renal cortex, liver, lung, skin, 
salivary glands, intestinal content, mus
cle, amniotic fluid, heart muscle, feces, 
cartilage, brain, blood, gastric content, 
gallbladder content, and spleen.

It has been stated recently that the 
“abnormal trace metal” vanadium is not 
present in the newborn (2), and the au
thors also claim that there is “a reason
ably valid assumption that a metal not 
found in the newborn or in milk is prob
ably not essential for life or growth.” 
However, autoradiography has shown car
rier-free 48V does accumulate in fetuses, 
especially in the fetal skeleton. It also 
accumulates in lactating mammary glands 
of mice (15). It has been suggested that 
pulmonary accumulations of vanadium 
are the result of contamination by the 
presence of vanadium in the air (2). 
However, injection of 4SV in rats also re
sults in a pronounced accumulation of 
the element in the lungs (15). It has 
also been stated that vanadium is con
centrated in fat (2); another investigation 
failed to confirm this (15). In view of 
the possible physiological functions of va
nadium (16-29), and since the concen
tration of vanadium in the human and 
animal body appears to be related to the 
vanadium content of the diet, further 
study of the concentration of this element 
in drinking water and various foods is 
indicated.

The analytical method used in this 
study, thermal neutron activation analy
sis, is more sensitive than any other tech
nique available for vanadium. The radio
active isotope, 52V, formed on thermal 
neutron irradiation, has a half-life of only 
3.76 minutes. 52V decays by a g-ray and a 
Y-ray of the energy of 1.43 Mev. This y-ray 
can be counted with an efficiency of about 
25% when using a 7.6 X 7.6 cm scintilla
tion-well crystal.

MATERIALS AND M ETHODS

Activation analysis. Between 2 to 4 g 
fresh weight of the samples were used 
for the analysis; 250 ml were used for 
each analysis of water samples. Samples 
were always taken from different batches.

The water samples were boiled in a 
carefully cleaned Pyrex bottle until the 
volume had been reduced to about 6 ml. 
During the boiling, 2 ml (concentrated) 
distilled HNOs were added to each sample. 
Each water sample was transferred to a 
quartz ampule, in which it later was neu
tron-irradiated.

All other samples were weighed and 
ashed in a temperature slowly rising to 
400°; this temperature was kept constant 
for 3 to 10 days. After ashing, the sample 
was weighed again and transferred to a 
polyethelene tube.

The samples together with vanadium 
standards (NaV03 • 4H20; 6.4623 X 10“3 
mg V per 0.2 ml) were irradiated for 10 
minutes in a thermal neutron flux of
1.4 X 1012 neutrons X cm“2 X sec-1. After 
irradiation, the samples were transported 
from the reactor to the laboratory by a 
pneumatic tube system. The sample was 
radiochemically processed as follows: It 
was transferred to a platinum crucible 
containing 3 g K2S20; and 1 mg vanadium 
as carrier in the form of NaVCh • 4H20. 
The crucible was heated until a clear melt 
was obtained and then cooled in boiling 
water. The melt was dissolved in 75 ml 
7 m  HC1 and transferred to a beaker, 
which then was cooled for one minute 
during magnetic stirring. One milliliter of 
0.2 m  KMn04 was added to oxidize the 
vanadium to V5+. The solution was trans
ferred to a separatory funnel containing 
10 ml n-benzoyl phenyl hydroxylamine 
(1 g/100 ml chloroform). After shaking 
for 30 seconds, the organic phase was 
poured in another separatory funnel con
taining 25 ml 7 m  HC1. After shaking, 
the organic phase was collected in a tube 
taken for measuring in a 7.6 X 7.6 cm 
scintillation-well crystal combined with a 
512 channel analyzer.

The y-spectra were followed continu
ously to observe the characteristic half- 
life of the Y-ray peak. The amount of 
E2V present was determined by measuring 
the area of the photopeak. The amount of
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vanadium initially present in the sample 
was determined by comparing the area of 
the photopeak obtained with the stand
ards. The standards were chemically proc
essed in the same way as the unknown 
samples. Because of the short half-life of 
52V, correction was made for decay during 
counting.

The yield of this radiochemical method 
was tested with 48V and found to be 75.4 
±  1.7%. When adding radioactive so
dium, copper, zinc, phosphorus, and man
ganese, no traces of these nuclides could 
be found in the radiochemically separated 
vanadium phase.

The instruments and equipment used 
before irradiation, such as glass knives, 
glass bottles, polyethelene bottles, and 
quartz tubes, did not contain measurable 
amounts of vanadium that could contam
inate the samples. This was tested by 
neutron activation analysis of the types 
of materials used. There was no measur
able loss of vanadium in the drying or 
ashing. This was checked by 48V. The 
amount of vanadium remaining in glass 
bottles when reducing the water volume 
was tested by 48V and found to be 14.5 ± 
2.6%. No significant amounts of activity 
were left in the polyethelene tubes or 
quartz ampules in which the samples had 
been neutron-irradiated. Activation analy
sis of the chemicals used for cleaning 
glass beakers, etc. (HN03, H202, H2S04, 
distilled water, and acetone) was also 
made. The results obtained are tabulated 
in table 1.

U p ta k e  o f  r a d io v a n a d iu m  in  f ru its  a n d  
v e g e ta b le s . The uptake of vanadium-radio
vanadium, 48V, was studied in some fruits 
and vegetables. The radioactive nuclide,

TABLE 1
A m o u n t o f va n a d iu m  in  som e chem ica ls s tud ied  

by m ea n s o f n eu tro n  ac tiva tio n  analysis  
a n d  y-spec trom etry  1

Chemical Vanadium
ppm

H N 0 3, p ro  an a ly si 2 43
HNO3, p ro  an alysi, d istilled n o t detectab le
H 20 2, p ro  an a ly si 2 1.1 X 1 0 - 3
H 2S 0 4, pro analysi n o t detectab le
D istilled  w a ter n o t detectab le
Acetone, d istilled n o t detectab le

1 Each value is the m ean of 3 analyses.
2 Not in contact with the biological samples to be 

analyzed before they were irradiated.

carrier free 48V, was supplied by Phillips 
Duphar in the form of vanadium trichlo
ride. Soil was poured into etemite boxes, 
54 liters in each box, that is, a soil layer 
of 60 X 60 cm and 15 cm deep. Water 
was added to the soil in each box in 2 
portions of 1 liter each; to the first portion 
were added 10 g NHJNCb, 4 g Mg (N03)2, 
50 mg NaV03 ■ 4H20, and 4.27 mCi car
rier-free 48V. To the other portion of water 
10 g KH2PO1 and 2 g K2S04 were added. 
The soil was then homogenized.

Seeds of the vegetables to be studied 
were put into the soil. Ordinary tap water 
was added to the boxes every second day. 
The vegetables were grown in a constant 
temperature of 20°. After 40 to 70 days 
the vegetables were harvested. The sam
ples were rinsed in water, weighed, and 
dried for 12 hours at 100°, weighed, and 
then ashed for 8 hours at 160° and 
finally for 12 hours at 210°. The ash 
was weighed. At the time of the harvest
ing the activity had decayed to not less 
than 0.1 mCi 48V. The dried samples were 
measured on the amount of 48V in a 7.6 
X 7.6 cm scintillation detector. 48V stand
ards of various volumes, all containing 
0.4 uCi, were also measured.

The amount of 48V added to the soil was 
homogeneously distributed in the soil of 
each box when the experiment started. 
The distribution was studied in various 
layers of the soil in eight of the boxes 
immediately after the harvest and was 
found to be insignificantly uneven. The 
relative 48V content of the various layers 
of the soil at the time the fruits and vege
tables were harvested is tabulated in 
table 2.

D is tr ib u tio n  o f  ra d io v a n a d iu m  in  fish . 
Four adult red tail swordfish (X ip h o p h o ru s

TABLE 2
D istribu tion  o f rad iovanad ium  in  th e  soil a t the  

tim e  o f harvesting  th e  fru its  a n d  vegetables 1

Layer
Relative 
amount 
Of 48V

Layer
Relative 
amount 
of 48V

coun i/m in /g co u n t/m in /g
soil soil

1 4 6 5  2 4 4 9 0
2 463 5 488
3 480 6 505

1 Successive layers of the soil are indicated in  the 
first column; each layer was about 2-cm thick; layer 1 
was the surface layer.

2 Mean from 8 boxes of soil.
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TABLE 3

V a n a d iu m  in  som e a n im a l specim ens 1

Specimen
Ash wt Wet wt
Mean Range Average
ppm ppm ppm

C alf liver, Stockholm 0.51 0.83 X lO “ 2—1.18 X 1 0 " 2 1.0 X lO - 2
C alf liver, Boston 0.11 0.18 X 10 -M 1 .3 0  X lO " 2 0.24 X 10 - 2
C alf flesh, Stockholm <  i o - 4
C alf tee th , Stockholm <  i o - 4
C alf bone, Stockholm <  i o - 4
Pork , Stockholm <  i o - 4
F resh  tro u t, soft tissues 0.06 0.03 X l 0 - 2-0 .0 7  X lO " 2 0.04 X IO “ 2
F resh  m ackere l, soft tissues

(N o rth  Sea) 0.20 0.15 X 1 0 -M L 3 6  X lO " 2 0.26 X 1 0 "2
F resh  m ackerel, bone 2.9 1.1 -4 .1 2.0
Sard ines, Sw eden 0.28 0.40 X 1 0 " 2-1 .3 2  X lO " 2 0.86 X IO “ 2
Sard ines, N orw ay 0.20 0 .4 2 X 10~2-1 .0  X lO - 2 0 .7 0 X 1 0 -2
Sardines, P o rtugal 0.46 0.81 X IO-2—1.8 X lO ” 2 1.3 X lO " 2
F resh  m ilk , Boston 0.24 X lO “ 3 0.71 X 10~ M ).94  X l O '4 0.84 X lO " 4
F resh  m ilk , Chicago 0.16 X IO -3 0.66 X l 0 - “-0 .8 8  X lO - 4 0.77 X lO " 4
F resh  m ilk , N ew  York 0.13 X lO " 3 0.52 X l 0 - 4-0 .9 6  X lO - 4 0.74 X IO "4
F resh  m ilk , Stockholm 0.48 X lO ” 3 0.76 X 10_4-1 .4 5 X  10-4 1.1 X lO " 4
F resh  m ilk , Oslo (N o rw ay ) 0.20 X lO ” 3 0.70 X l 0 " 4-0 .9 2  X lO " 4 0.80 X lO “ 4
F resh  m ilk , Goteborg (S w ed en ) <  i o - 4
D ried  sk im  m ilk :

C a rn a tio n  2 (U .S .A .) 0.50 X lO " 3 1.8 X 10_4-2 .8  X lO " 4 2.3 X lO - 4
S ta r la c 3 (U .S.A .) 0.48 X 1 0 -3 1.3 X 10 _4-2 .3  X lO " 4 1.9 X lO “ 4
F a m o s4 (S w ed en ) <  IO“ 4
Sem per 4 (S w ed en ) <  i o - 4

Lobster, m ea t (N o rth  Sea) 16.1 3.2 X lO “ 2—5.3 X lO " 2 4.3 X lO " 2
G elatin  (S w ed en ) 2.5 3.9 X lO - 2—5.0 X lO - 2 4.4 X lO “ 2

i Values represent 10 samples of each of the specimens listed.
2 Carnation Food Company, Los Angeles.
3 Borden’s Food Products, New York.
4 Semper Company, Stockholm, Sweden.

V a n a d iu m

TABLE 4

in  som e fru its  a n d  vegetables 1-z

Ash wt Dry wt Wet wt
Mean Mean Range Average
ppm ppm ppm ppm

Dill 4.6 0.84 0.12 -0 .1 5 0.14
L ettuce 2.8 0.58 1.9 X 1 0 -2-2 .3  X lO - 2 2.1 X l O '2
Parsley  3 29.5 4.52 0.50 -1 .1 1 0.79
C ucum bers 0.38 5.6 X l O '2 1.6 X IO -3—2.3 X lO - 3 2.1 X lO - 3
R adishes 3 7.9 1.26 5.22 X 10-2-5 .21  X IO“ 2 5.21 X IO -2
S traw berries 3 0.66 3.1 X lO “ 2
W ild  straw berries 0.72 4.1 X lO - 2
Red w hortleberries 0.54 1 .0 2 X 1 0 -2 1.5 X 1 0 -3 -1 .7  X lO " 3 1.6 X lO - 3
Apples 3 0.33 0 .8 6 X 1 0 -2 1.89 X l 0 - 3-1 .2 5  X lO - 3 1.10X IO “ 3
T om atoes 3 0.041 0.53 X lO “ 3 0 .16X  IO -4—0.38 X IO -4 0.27 X lO “ 4
C auliflow er 0.093 1.09 X lO “ 3 0.72 X l 0 - 4-0 .8 3  X lO " 4 0 .77X  1 0 -4
Potatoes 3 0.93 X lO “ 2 0.64 X lO - 2 0.75 X IO -3—0.89 X 10~3 0 .8 2 X I O '3
P ears < io-4
C arrots 3 < io-4
C om m on beets <  IO "4
Peas, frozen <  1 0 -4

1 V alues rep resen t 10 sam ples of each item .
2 All sam ples were tak en  from  the  Stockholm  area.
3 Of these species 5 sam ples of each grown in  N ew  H am pshire  (U.S.A.) an d  5 sam ples grow n in  Rhode 

Is lan d  (U.S.A.) w ere also analyzed. The resu lts from  these 70 sam ples w ere, in  general, som ew hat low er 
th a n  those tab u la ted  fo r the  f ru its  and  vegetables grow n in  Sweden.
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helleri) were allowed to live for 3 days 
in 1000 ml H20 to which about 1 mCi 48V 
had been added. After this exposure to 
48V the fish were kept in 100 liters fresh 
water overnight. The fish were then killed 
by complete immersion in a cooling solu
tion ( — 76°). After about 30 seconds, 
the fish were completely frozen. Sagittal 
sections, 10-u thick, were taken through 
the entire frozen fish at various levels by 
a sledge microtome. Sectioning and dry
ing of the sections were carried out at 
about —12° in a freezing room. The ex
posure time on the Gevaert Dentus Rapid 
films was 14 days. The whole-animal 
autoradiographic technique used has been 
described previously (30).

R E S U L T S

Activation analysis. The thermal neu
tron activation analyses of the concentra

tion of vanadium in various biological 
materials gave the results shown in tables 
3, 4 and 5. Corrections have been made 
for known loss as mentioned above.

A commercial laboratory ration 2 showed 
an expectedly high vanadium concentra
tion of 1.50 ppm fresh weight as a mean 
value of 10 samples.

Uptake of radiovanadium in some fruits 
and vegetables. The results of the study 
on the uptake of 4SV in some vegetables 
are tabulated in table 6.

Distribution of radiovanadium in fish. 
The autoradiographic study of the uptake 
of 48V hi fish showed an accumulation of 
radiovanadium in bones, fins, skin, and 
the liver. The concentration of vanadium 
was low in the central nervous system and

2 Purina Laboratory Chow, Ralston Purina Company,
St. Louis.

TABLE 5
V a n a d iu m  in  som e w a ter sam ples 1

Vanadium in water samples
Range Average
ppm ppm

W ater sam ples f ro m :
A tlan tic  ocean 5.0 X 1 0 - 3̂ . 4 X 10-3 4.6 X lO - 3
B altic  sea 3.5 X 1 0 - 3-5 .0 X 10 — 3 4.0 X lO - 3
L ake M aelar (S w ed en ) 0 .12X  10-3—0.24 X 10-3 0.1 X lO - 3
Sm all lak e  (S tockholm , Sw eden) 0.45 X 10~3—0.48 X 10-3 0.46 X lO " 3

D rink ing  w a te r  f ro m :
B oston 0.9 X 10~4—1.3 X lO - 4 1.1 X io-4
N ew  York 0.3 X 10~4—0.5 X lO “ 4 0.4 X io-4
Chicago 0.8 X 1 0 -4—1.9 X lO “ 4 1.4 xio-4
Oslo (N o rw ay ) 0.4 X 1 0 -4—0.7 X lO " 4 0.6 X IO“ 4
Stockholm  (S w ed en ) 4.9 X 10-4—5.0 X lO “ 4 5.0 X lO - 4
K iruna  (S w ed en ) 0.7 X 10-4—0.9 X lO “ 4 0.8 X 1 0 -4
T rosa  (S w ed en ) 8.3 X 10 _4-8 .6 X lO " 4 8.5 X 1 0 -4

1 Values represent 10 samples of each water specimen, fresh weight.

TABLE 6
U ptake o f va n a d iu m  (isV) in  som e vegetables 1

Uptake of 48V
Ash wt Dry wt Wet wt

% % %
L ettuce 0.211 X IO“ 4 1.01 X lO “ 5 0.68 X IO“ 6
S pinach 0.595 X IO -4 2.09 X 10“ 5 1 .7 2 X 1 0 -3
Dill 1.05 X lO “ 4 3 .1 6 X 1 0 -3 2 .9 8 X 1 0 -«
P arsley 5.66 X lO “ 3 1.50 X IO“ 3 1.45 X lO “ 4
C arro ts , peeled 6.55 X 1 0 “ 4 6.02X  IO “ 5 0 .9 1 X 1 0 -3
C arro ts , leaves 3.57 X lO “ 4 6.14X  IO “ 5 0.79X  IO” 5
R adishes, peeled 1.58 X lO “ 3 2 .5 3 X IO “ 4 0.21 X lO “ 4
R adishes, leaves 6.28 X lO “ 4 1.49 X 10 -4 0.14 X 10-4
Potatoes, peeled 7.87 X lO " 4 2.27 X IO“ 4 0.34 X IO“ 4
Potatoes, leaves 2.29 X lO “4 4.41 X IO "5 0.30 X IO“ 5

i The uptake is here indicated as % 48V (of the entire amount of 48V in  the soil of the box where 
the vegetable grew) per gram of the vegetable.
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S w i m

Intestine  F i n  M u s c le

Fig. 1 A utorad iogram  of a sa g itta l whole-body sec tion  of a  fish  ( X iphophorus h e lle ri)  k illed  a fte r 
h av in g  been  kep t fo r 3 days in  w a te r co n ta in in g  48V. B lack a reas in d ica te  the  accu m u la tio n  of 48V 
in  the  fish.

muscles. An autoradiogram of a section 
of a fish is shown in figure 1. In the 
intestinal content a high amount of activ
ity was visible. This was probably because 
the 48V was absorbed by the food in the 
water before ingestion.

DISCUSSION

The values of the vanadium concentra
tion in biological specimens obtained in 
this study are, in cases where compari
sons can be made, generally somewhat 
lower than in previously reported data
(2). The analytical method used in this 
study — thermal neutron activation anal
ysis — is, for vanadium, more accurate 
and sensitive than any other method (31). 
In addition, this technique almost obviates 
risks of contamination, an important ad
vantage when analyzing elements in con
centrations in the parts per billion range 
(31, 32).

As in the previous studies (2, 8), there 
was a higher concentration of vanadium 
in sea water than in fresh water. Marine 
animals living in salt water and fresh 
water reflected this difference in the va
nadium level. Thus, fishes from the At
lantic Ocean, (lobster, sardines, mackerel)

were found to have high concentrations of 
vanadium. The distribution pattern of 
vanadium in fish as obtained by means of 
autoradiography using 48V was similar to 
that in mammals. The hard tissues, fins, 
and skin contained a very high concen
tration. In the mammalian samples stud
ied, the vanadium level was very low. 
However, in gelatin and calf liver rela
tively high concentrations were noted.

In fruits and vegetables the concentra
tions varied from one species to another. 
The highest concentrations were observed 
in parsley, radishes, dill, and lettuce. The 
range of values obtained for the 10 sam
ples of each species analyzed was exten
sive for most fruits and vegetables, espe
cially when the values of those grown in 
U.S.A. were compared with those grown 
in Sweden. But there was a pronounced 
difference in the vanadium level among 
most of the vegetable species. A study 
was made to determine whether this dif
ference in the vanadium level could be 
reproduced when growing the different 
fruits and vegetables in the same soil. 
Radioactive vanadium, 48V, was mixed in 
the soil. The species still differed in the 
uptake of 48V (table 6), although this
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difference was not as pronounced as that 
in the neutron activation analysis study. 
Parsley and radishes again showed the 
highest accumulation of vanadium of the 
vegetables studied.

The presence of vanadium in foods is 
irregular, but there does appear to be a 
rather constant dietary intake. As noted 
before, the commercial laboratory ration 
tested 3 contained relatively large amounts 
of vanadium, which might invalidate 
some types of vanadium experiments on 
rats and mice where the effect of low 
levels of vanadium are studied. The va
nadium levels in the laboratory ration and 
food in general are far from toxic (3-6, 
33-35).
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Taste and Food Intake in Domesticated 
and Jungle Fow l* 1

MORLEY R. RARE a n d  OW EN MALLER
Sensory  P hysiology Laboratory, N o rth  C arolina S ta te  U niversity  a t R aleigh , 
N o rth  Carolina

A B ST R A C T  D om estic  a n d  ju n g le  fow l w ere tes ted  to de te rm in e  th e ir  response  to 
a  sucrose so lu tion  w h en  th e  caloric  d en sity  of th e ir  d ie t w as in creased  or decreased . 
N e ith e r th e  dom estic  n o r ju n g le  fow l exh ib ited  a n  avid ity  fo r sucrose solu tions. T he 
caloric  in ta k e  of th e  b irds fed  an  ad eq u a te  d ie t w as n o t sign ifican tly  d ifferen t w ith  or 
w ith o u t a  sucrose so lu tion  choice. H ow ever, th e  n u tr itiv e  s ta te  m odified p re ference  
behav io r an d  volum e in ta k e  of sucrose so lu tions. In  short-term  tria ls  w here  th e  caloric  
source w as availab le  in  so lu tion , th e  p re fe ren ce  behav io r o f th e  ju n g le  fow l w as m ore 
co m p lem en tary  to n u tr it io n a l n eed  th a n  th a t  of th e  dom esticated  b ird . T he ju n g le  
fow l co rrected  fo r d ie t d ilu tio n  m ore effectively an d  reduced  food in tak e  a f te r  d iet 
en rich m en t. H ow ever, bo th  groups fa iled  to re je c t th e  sugar so lu tion  w h en  ea tin g  
th e  calorie -enriched  diet. D om estication  ap p ears to have  p roduced  a n  an im a l w ith  
d im in ish ed  sensitiv ity  to caloric  regu la tion .

Domestic chickens, herring gulls, laugh
ing gulls, starlings, Japanese quail, robins, 
and other avian species do not select su
crose or glucose solutions, over a broad 
range of concentrations, in preference to 
water (1, 2). This indifference by the 
bird to several common sugars in solutions 
is in sharp contrast with the appetite dis
played by a number of domesticated mam
mals for some compounds described as 
“sweet” by man (3). However, an absence 
of an avidity towards sugars has also been 
observed in a few mammals, for example, 
the cat and the armadillo (4, 5). Whether 
an indifference to common sugar solutions 
is of any physiological and evolutionary 
significance has not been determined.

Most of the research on taste has been 
carried out with domestic or laboratory 
animals. Since these animals have little 
or no choice of foodstuffs, possible func
tion or survival value of this sense might 
not be detectable. Furthermore, selection 
in breeding programs has been vigorous 
for factors such as growth rate, disease 
resistance or efficiency of feed utilization, 
whereas, the sense of taste is ignored if 
not inadvertently eliminated.

Domestication has changed the anatom
ical, physiological, and behavioral char
acteristics of the rat and the fowl (6, 7). 
The possibility arises that the function of 
taste may have also been altered particu

larly as it pertains to the selection and in
gestion of food. For example, laboratory 
rats have been reported to consume greater 
quantities of a variety of sugar solutions 
than the wild Norway rat (8).

The failure to evoke an approach re
sponse to sugar by some species of birds 
raises a number of questions. Is the bird 
able to detect sugar in solutions? Rare 
and Ficken (3) indicated that the fowl 
will respond to the calories in a sugar 
solution in regulating its food and fluid 
intake. That is, when food was limited to 
75% of that consumed by the controls, 
the intake and selection of a sucrose solu
tion was increased. Hill and Dansky (9) 
reported that over a long-term period the 
chicken will adjust its food intake in re
sponse to a reduction in the caloric den
sity of the diet created by the addition of 
a nonnutritive material.

Experiments were carried out to deter
mine whether the reaction to a sucrose 
solution differed between wild and highly 
domesticated fowl. Furthermore, the ex
periment sought to determine whether 
taste preference behavior would be modi
fied by the nutritional state of the animal 
as a consequence of increasing as well as 
decreasing the caloric content of the diet.

Received fo r p ub lica tion  February  2, 1967.
1 T his w ork w as supported in  p a r t by N IH  gran t 

NB 03896 and USPH fellow ship 2F2 HD-21-201-2 from  
NICHHD.
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METHODS

Thirty-six jungle fowl from stock that 
we are reasonably certain had been bred 
only in the United States for several gen
erations were used. The thirty-six do
mesticated counterparts (white Vantress 
crossbreds) were 6 to 7 weeks old at the 
beginning of the experiment, but were 
larger and had grown faster (mean body 
weight, 858 g) than the jungle fowl that 
ranged from 7 to 11 weeks old (mean body 
weight, 345 g). The animals were of both 
sexes and were reared in the laboratory 
from one-day-old with the basal diet.2

The animals were housed in 4-tiered bat
teries and were assigned at random to 
individual wire-floor pens, which meas
ured 60 X 60 X 35 cm. The animals were 
given continuous access to feed and fluid. 
The cages, as well as the feeding and 
watering equipment, were designed or 
modified for preference testing. Intake 
was measured daily for 18 days and body 
weight initially and subsequently every 
sixth day.

The basal diet, which the control ani
mals received throughout the experiment, 
was a standard commercial ration. The 
calorically diluted diet contained 25% cellu
lose, that is, 3 parts by weight basal diet, 
one part cellulose.3 The calorically en
riched diet contained 25% com oil.4 The 
kilocalories were computed on the basis 
of gross energy using the Atwater factors. 
Distilled water was used throughout the 
experiment.

Six animals from both the wild and the 
domestic groups were assigned to each 
treatment and were tested individually. 
These included the 3 caloric levels, that 
is, basal, calorically diluted and a calor
ically enriched diet.

Two choices of fluids were available, 
and their position on the cages was alter
nated daily to attenuate the effect of posi
tion habits (10). The standard precau
tions for preference testing were observed. 
These included equal illumination, iden
tical waterers equally distant from the 
feeder, and equal temperature of the 
choices.

Six animals fed every diet received a 
choice between water and a 10% sucrose 
solution. Six animals on every diet chose 
between two identical waterers contain

ing only water. The 10% sucrose solu
tion, that is, 10 g of reagent grade sucrose 
in 100 ml of solution, was selected be
cause it evokes near maximal preference 
and intake in a number of domesticated 
animals (3) and contains sufficient cal
ories to be of consequence to the intake 
of the animal. This concentration of 
sugar in solution has been shown to be 
selected indifferently by the fowl under 
an ad libitum feeding regimen (2), but is 
selected when food intake is restricted
(3). The percentage preference refers to 
the amount of test solution consumed ex
pressed as a percentage of the total fluid 
intake, that is,

tes t so lu tion  consum ed  ( m l)  ^ 
to ta l flu id  consum ed (m l)

In those instances where water consti
tuted both choices, one container of water 
was designated as the control fluid. The
oretically, in a 2-choice situation a value 
of 50% preference should be obtained on 
the basis of chance selection alone.

RESULTS

Table 1 summarizes the preference re
sponse of the wild and domestic birds to 
a sucrose solution. The preference meas
ures in those instances where only water 
was available ranged between 47 and 
53%; this reflects the precision of the 
testing procedure.

The domestic fowl neither selected nor 
rejected sucrose with either a basal or 
calorically enriched diet. However, with 
the calorically diluted diet the sucrose 
solution was selected 2:1 over water 
(64% ). In contrast, the jungle fowl se
lected the sugar solutions in preference to 
water (58, 63, and 56% ) under all con
ditions.

Table 2 compares the ability of the 
jungle fowl and domestic fowl to regulate 
their caloric intake on the basal, calori
cally diluted, and calorically enriched 
diets. The jungle fowl adjusted to food 
intake under all three dietary conditions. 
When sugar was available with the di
luted diet, the additional calories were 
obtained by both selections of the sugar

2 P ro te in  (m in .)  20 .0% ; f a t  (m in .)  3 .5% ; fiber 
(m a x .)  7 .0% ; and  carbohydrates (m in .)  55.0% .

3 A lphacel, N u tr itio n a l B iochem icals Corporation, 
Cleveland.

4 M azola, C om  Products C om pany, Argo, Illinois.
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TABLE 1
P reference 1 o f dom estic  a n d  ju n g le  fo w l fo r sucrose

Diet Fluid choice Domestic fowl 2 Jungle fowl 2

S tan d ard w ater-w ater 49 ± 6 3 49 ± 6
sucrose-w ater 51 ± 6 58 * ± 6

D ilu ted w ater-w ater 48 ± 7 53 ± 6
sucrose-w ater 64 * ± 6 63 * ± 6

E n rich ed w ater-w ater 47  ± 6 51 ± 6
sucrose-w ater 53 ± 7 56 * * ± 6

1 Mean preference (18 days) _  test solution intake • x 100.
2 Thirty-six birds/group.
3 Mean +  s d .

* P <  0.01 (difference from 50% ). 
** P <  0.05 (difference from 50% ).

TABLE 2
Food a n d  flu id  in ta ke  o f dom estic  and  ju n g le  fow l

Diet Standard Diluted Enriched

Fluid choice h 2o / h 2o h 2o /
sucrose 2 K .0 /H .0 h = °/h 2o  su^ ° / e2

D om estic  fow l
T otal in ta k e , kcal 268 303 207 262 359 347
In tak e  as sucrose, kcal — 38 — 78 — 27
A djusted ,3 to ta l kcal 255 272 231 279 356 354
Feed in tak e , g 92 91 98 88 90 80
F lu id , m l/fo o d , g 1 .8 2.0 1.9 3.5 1.6 1.6
W t in crease , % 69 69 47  47 65 59

Ju n g le  fow l
T o ta l in ta k e , kcal 124 132 99 149 119 149
In tak e  as sucrose, kcal — 35 — 66 — 40
A djusted ,3 to ta l kcal 123 123 93 124 128 136
Feed in tak e , g 45 3 3 47 36 3 3 28
F lu id , m l/fo o d , g 1.9 3.6 2.1 5.8 2.0 5.5
W t increase , % 52 52 35 43 43 43

1 M ean fo r 18 days.
2 10% sucrose solution.
3 C ovariance ad ju s tm en t fo r body w eight.

(2:1) and also by a threefold increase in 
fluid intake (5.8 ml fluid/g food). The 
domestic fowl also corrected for dilution 
of the diet in a similar manner; however, 
the fluid increase was more limited (3.5 
ml fluid/g food).

The caloric intake of the domestic fowl 
with the enriched diet was significantly 
greater (P < 0.01) than that of the con
trol birds. The jungle fowl fed the en
riched diet, even though it selected the 
sugar, restricted its food to maintain cal
oric intake.

There was a small numerical increase 
in grams of food consumed with the di
luted diet by the birds receiving only

water. However, this increase was not 
significant for either the jungle or do
mestic fowl.

Table 3 summarizes the sucrose intake 
in terms of total caloric intake for succes
sive 6-day periods under all conditions of 
the experiment. The response of the do
mestic fowl to sucrose, with a single ex
ception, showed little change in successive 
periods, whereas the response of the jun
gle fowl to sucrose increased progressively.

Large fluid intake by caged domestic 
birds (polydipsia) is occasionally encoun
tered. In this experiment, two of the 
domestic birds fed the diluted diet could 
be classified as compulsive drinkers and
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TABLE 3
A verage sucrose in ta ke  o f dom estic  and  ju n g le  fo w l

Diet

Average sucrose in take

D om estic fow l, days Jungle fowl, days

1-6 7-12 13-18 1-6 7-12 13-18

%  k c a l  o f  t o ta l  fo o d  in ta k e %  k c a l  o f  to ta l  fo o d  i n ta k e
S ta n d a rd 10.1 12.0 12.2 20 .5 24 .4 34 .5

D ilu te d 15.5 15.6 34.1 1 45 .4 40 .8 54.0

E n r ic h e d 7.7 6.9 8 .2 22 .2 26 .6 28 .7

1 H igh value a ttrib u tab le  in  p a rt to polydipsia in  2 birds (m ed ian  value, 29.9).

this fact has exaggerated the fluid intake 
data. None of the jungle fowl were ob
served to exhibit polydipsia.

D IS C U S S IO N

The jungle fowl’s intake behavior was 
more complementary to maintaining a 
steady caloric intake than was that of the 
domesticated bird. The appeal of sucrose 
which man and other mammals experi
ence is largely or totally lacking in both 
the domestic and jungle fowl (2). The 
jungle fowl, fed an adequate diet, selected 
the sucrose solution (P < 0.01) in a 
choice situation, whereas the domesticated 
bird did not distinguish between distilled 
water and a sucrose solution. However, 
the jungle fowl’s preference for sucrose 
over water was 1.4:1 which is of a modest 
magnitude compared with the 20:1 selec
tion or greater than might be observed in 
the rat or ruminant (3).

The preference data become more 
meaningful in terms of total calories con
sumed. The domestic bird, fed an ade
quate diet, accepted the sucrose solution 
(13% of total caloric intake) equally as 
well as the distilled water. The jungle 
fowl fed an adequate diet, obtained twice 
that caloric intake from sugar (27% of 
total caloric intake). This caloric intake 
from sucrose was in large part the result 
of increased fluid intake rather than a 
consequence of a pronounced preference. 
However, the calories supplied by the 
drinking fluid did not effect an increased 
weight gain.

With calorically diluted diets, both the 
wild and domesticated birds selected sugar 
solution by a 2:1 preference. Also, both 
groups increased their fluid intake so that 
sucrose from solution constituted a sub

stantial portion of their total caloric in
take. In the correction for the needed 
calories, the increase in preference was 
similar for both groups of animals; how
ever, the wild fowl appeared to make a 
better and more rapid adjustment by vir
tue of a greater increase in its fluid intake, 
that is, 5.8 ml fluid/g food vs. 3.5 ml 
fluid/g food.

With the enriched diet, it would have 
been nutritionally advantageous for the 
birds to reject the sucrose and obtain 
more of the calories from the balanced 
diet. However, neither the domestic nor 
jungle fowl avoided the sucrose solution. 
In fact, the jungle fowl marginally se
lected the sucrose solution. For the jun
gle fowl, there was no overall significant 
difference in caloric intake when covari
ance adjustments are made for differences 
in body weight, with all 3 diets. Appar
ently, when consuming the enriched diet, 
food intake by the jungle fowl receiving 
sucrose was reduced to 28 g as opposed to 
45 g by the controls. The jungle fowl 
receiving only water reduced their intake 
to 33 g. In contrast, the domestic fowl 
overate with the enriched diet, (80 g for 
those receiving sugar and 90 g for those 
limited to water) in comparison to the 
controls (92 g) to the extent of consum
ing nearly the same weight of food (P < 
0.01) and an increase in caloric intake of 
approximately 35% . This is similar to the 
situation observed with the laboratory rat 
which does not reduce its volume intake 
as rapidly as the wild counterpart when 
the energy content of the diet is increased 
by the addition of fat (8).

The relatively elastic volume of fluid 
intake observed with both groups of birds 
is an interesting phenomena. When su
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gar solution was available, the jungle 
fowl eating the diluted diet tripled its 
fluid intake; and even the domesticated 
birds doubled their intake. Although the 
data suggest that sucrose is a discrimin- 
able stimulus, it is not clear why the birds 
fed the diluted diet increased their intake 
of total fluid rather than primarily increas
ing their intake of the sucrose solution. 
One possibility is that the sucrose is not 
an easily discriminable taste stimulus for 
the bird and with the constant alteration 
of position, many errors in identification 
were made. The altered fluid intake is 
apparently unrelated to the composition 
of the diet since the caloric deficiency 
created by cellulose dilution of the diet 
did not alter fluid intake when sugar was 
not a choice. Also, the jungle fowl even 
with an adequate diet increased total fluid 
intake when sucrose was available. Fur
thermore, the domestic fowl, when fed an 
adequate or an enriched diet, consumed a 
considerable quantity of a sucrose with
out increasing water intake. Therefore, it 
is doubtful that the observed small in
creases in sugar intake caused diuresis, 
which stimulated water ingestion.

It is interesting that the wild rat, as 
opposed to the domestic rat (8), was more 
rigid in its intake of fluid. In contrast, 
the jungle fowl compensated for its cal
oric needs with considerable flexibility in 
its fluid intake. However, the question of 
physical capacity is raised by the observa
tion that neither the jungle fowl nor its 
domestic counterpart responded to the cal- 
orically diluted diet by substantially in
creasing food intake. Although there is a 
small numerical increase in grams of 
food, and in volume, this does not sug
gest the rapid adjustment in volume in
take encountered in rodents (11). Reddy 
et al. (12) suggest that the volume of a 
loose cellulose diluted diet, as opposed to 
pelleted feed, made greater demands on 
the birds’ energy expenditure involved in 
eating more frequently. Our data indicate 
that cellulose dilution resulted in a re
duced caloric intake, possibly related to 
palatability or to the mechanical problems 
of ingesting a powdery material of less 
density than the basal diet.

While the fowl does not share man’s 
sensory reception for sucrose, it is reason

able to entertain the possibility that the 
selection of sucrose solutions under mild 
food deprivation represents a change in 
the preferential threshold for sucrose. 
Also, a sucrose solution could convey sen
sory information to the bird other than the 
taste quality man would recognize. Kit- 
chell et al. (13) and Halpem (14) re
ported that the fowl has a “water sense,” 
that is, pure water will evoke a taste re
sponse in recordings of electrical activity 
from the glossopharyngeal nerve. This 
was borne out in our extensive behavioral 
testing with a variety of taste stimulants 
where the fowl failed to evidence a sig
nificant preference for any solution over 
pure water, whereas many compounds re
duced the acceptability of fluids by the 
bird. The fowl appears to be indifferent 
to viscosity as created by concentrated 
sugar solutions (2); therefore, it is doubt
ful that this quality was used as a guide 
for the intake.

The 18-day periods used might be de
scribed as short-term. Jacobs (15) has 
shown that caloric constancy with sugar 
solutions, under similar conditions, are 
maintained by rats in long-term studies. 
The data in table 3 suggest that the jun
gle fowl, fed a diluted diet, responded 
immediately to the sugar solutions (first 
6 days), whereas the reaction of the do
mestic bird was delayed. Furthermore, 
the jungle fowl under all conditions in
creased its sugar intake with time, where
as the response of the domestic animals 
was more modest.

In preliminary experiments, the domes
tic fowl, fed a calorically deficient diet or 
restricted diet, was given an opportunity 
to increase its caloric intake from aque
ous emulsions of corn oil (plus polysor- 
bate 80) which was isocaloric with 10% 
sucrose. The solutions of fat were almost 
totally rejected in a 2-choice situation. In 
similar trials with animals acutely defi
cient of protein, a choice of supplemented 
1 % casein and water was presented to the 
birds. The animals totally rejected the 
casein solutions. While other protein or 
fat solutions may be more acceptable, the 
preference studies indicate substantial 
taste problems would be encountered in 
their use for experimental studies of die
tary adjustments in the fowl. Since the
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fowl does not select the other common 
sugars in solution there is no reason to 
suggest that the results presented here 
are uniquely related to sucrose.

The failure of the fowl to respond to fat 
and protein solutions cannot be attributed 
entirely to their possible offensive taste. 
Solutions of dimethyl anthranilate, which 
in preliminary experiments were rejected 
3:1, were offered to calorically deficient 
chicks. When sucrose was added to the 
normally offensive solution, it was se
lected over pure water. This suggests that 
caloric needs took precedence over a mod
erately offensive taste.

There are some reports in the literature 
of preference for sugar solutions by the 
fowl (16), quail (17), and the great tit
(18). The possibility that these data ac
tually reflect a caloric need of the test 
animals, rather than a taste preference, 
might be considered.

The present study was limited to a sin
gle strain of domesticated and one of the 
jungle fowl. However, if the results are 
broadly confirmed, they indicate that with 
domestication has come a sluggishness in 
sensitivity to chemical stimuli which are 
related to caloric regulation. The wild 
animal fed a calorically diluted diet, more 
effectively corrected its needs from the 
sucrose solutions, and also with a calori
cally enriched diet made food intake ad
justments to maintain a relatively con
stant caloric intake. The wild animal was 
apparently more responsive to the nutri
tional consequences of its food and fluid 
intake.
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A B ST R A C T  M etabolic b a lan ce  d a ta  w ere  o b ta ined  on  36 pre-adolescen t girls, aged 
6 to 10 years, con su m in g  m easu red  in tak es  of d iets va ry in g  in  p ro te in  from  p re 
d o m in an tly  an im a l to a ll-p lan t p ro te in  a n d  vary in g  in  p ro te in  co n ten t so th a t  in ta k e  
p e r ch ild  ran g ed  fro m  0.6 to 3.0 g /k g  body w eigh t. F ro m  food, feca l a n d  u rin e  
analyses, e stim a tes o f da ily  d ie ta ry  re q u irem en ts  fo r eq u ilib riu m  fo r  Cu, M n, a n d  Co 
w ere fo u n d  to be 1.3 m g, 1.0 m g, a n d  7.7 tig, respectively . Suggested daily  allow 
ances fo r these  e lem en ts a re  2.5 m g, 1.25 m g, a n d  15 tig, respectively , based  on 
estim a tes o f g row th needs, in te g u m en ta l losses, an d  reasonab le  m arg in s  o f safety . 
Mo w as fo u n d  to be re ta in e d  by a ll sub jects w h en  in tak es ap proached  100 M g/child 
/d ay .

Few metabolic balance studies have 
been conducted on pre-adolescent chil
dren, and even less attention has been 
directed toward the minor elements. A 
cooperative study designed primarily to in
vestigate nitrogen balance under varying 
protein intakes in 36 pre-adolescent girls 
in the southeastern United States provided 
opportunity for collecting balance data on 
Zn, Cu, Mn, Co, and Mo. The observations 
relating to Zn have been published else
where (1).

A detailed review of minor element bal
ance studies will not be attempted here. 
Estimates of requirement for copper range 
from a low of 0.6mg/day for adults (2) 
to 2 mg for adults and children (3,4). 
Scoular (5) indicated the daily copper re
quirement was 1.0 to 1.6 mg for the av
erage 3- to 6-year-old child weighing up 
to 20 kg.

Balance studies by Everson and Daniels
(6) suggested that children should re
ceive 0.2 to 0.3 mg of Mn/kg body weight. 
De (4) concluded from balance studies in 
adult Indians that the Mn requirement 
was 2.74 mg/day. Little is known of re
quirement for Mo. With respect to cobalt, 
whether there is a requirement for man 
other than in the form of vitamin Bis is 
not known.

PROCEDURE

The descriptive details of these studies, 
including objectives, general plan, organi
zation, methodology of sample collection,

control over subjects, and dietary regi
mens have been published (7, 8). The 3 
studies were conducted during the sum
mer months in 1956, 1958 and 1962. 
Minor element balance data were collected 
on 12 girls, 6 to 10 years of age, main
tained with controlled dietaries in each 
study. The major dietary variables were 
level and source of protein. Diets were 
planned such that the energy intake fell 
within the range of 75 to 80 kcal/kg body 
weight (9) and protein intake ranged 
from 0.6 to approximately 3.0 g/kg body 
weight. Dinner menus illustrative of the 
foods and diet pattern used are given in 
table 1.

From these it can be seen that the 1956 
and 1958 studies were based on foods 
commonly available. The 1956 study pro
vided liberal animal protein intake, the 
1958 study was aimed at more restricted 
animal protein intake. The 1962 menus 
used entirely plant protein, with nuts or 
legumes serving as protein staples. The 
1956 study involved 12 girls maintained 
with a controlled diet pattern of 4 menus * 1 2 3

Received fo r pub lication  F ebruary  10, 1967.
1 P ub lica tion  no. 23 in  the  Series M etabolic P a tte rn s 

in  Pre-adolescent C hildren. This study w as a phase  
of th e  S outhern  Regional R esearch P ro ject S-28, Re
qu irem ents an d  U tilization  of Selected N u trien ts  by 
P re-adolescent C hildren , supported  in  p a r t  by fun d s 
appropriated  to th e  U.S. D epartm ent of A griculture 
u n d e r th e  R esearch  an d  M arketing  Act of 1946 and 
the  H atch  Act, as am ended. The H um an  N u trition  
R esearch  D ivision of the  A gricu ltu ra l R esearch  Service 
w as a  cooperator in  th is  project.
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tion  Foundation , Inc., N ew  York.
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TABLE 1
D inner m e n u s  represen ta tive  o f th e  d iets u sed  for  

th e  m etabolic  s tud ies w ith  pre-adolescent girls

Study Item

1956 B aked h am
9

75
Boiled potato 50
L im a beans, green 100
G ingerbread  (d ry  m ix ) 40
B read 10
M argarine 10
M ilk 200

1958 B aked h a m 15
Boiled potato 65
Broccoli
P ineapp le  tap ioca,

25

fortified 100
M argarine 10
Sw eetened beverage 1 5
Sugar 23

1962 L en til p a tty 50
G round B razil n u ts 20
Boiled potato 65
G reen beans 40
M argarine 10
A pplesauce 100
G rape ju ice 100
A lm onds, g round 10
P e a n u t b u tte r  fo n d an t 20

1 Kool Aid, G eneral Foods Corporation, N ew  York,

consumed during 14 consecutive 4-day 
periods. The minor element analyses re
ported here were conducted on food, feces 
and urine collected during the even-num
bered periods (periods 2,4,6,8,10,12 and 
14).

The 1958 study involved 12 girls main
tained with a diet pattern of 6 menus 
consumed during 5 consecutive 6-day peri
ods (periods 1-5) during which protein 
intake averaged 0.8 g/kg body weight. 
This was followed by three 6-day periods 
(periods 6-8) when protein intake was 
reduced to 0.6 g/kg.

The 1962 study involved 12 girls main
tained with a diet pattern of 6-day periods 
during which protein intake was at 0.8 g 
(6 girls) and 1.4 (6 girls) g/kg body 
weight. A preliminary 6-day standardiza
tion period was included during which all 
children received controlled intakes of an 
all-plant protein diet composed of menu 
items common to the experimental diets.

The children serving as subjects were 
determined clinically to be normal, 
healthy individuals from families in a col
lege community (Blacksburg, Virginia). 
Pre-experimental nutrient intakes, ob

tained by recall interviews with the moth
ers, indicated a satisfactory dietary his
tory. The children were housed on the 
campus of the Virginia Polytechnic Insti
tute and a summer camp atmosphere was 
maintained with scheduled recreational 
activities. Throughout the studies close 
supervision was maintained over the sub
jects to insure complete control over nu
trient intake and collection of excreta.

Special precautions were used to safe
guard against contamination of food or 
excreta with the minor elements under 
study. All glassware was cleaned with hot 
chromic acid. Pyrex glassware or stain
less steel was used for food containers 
and for excreta collection. Ion-free water 
(distilled water passed through Amberlite 
MB-3) was used for sample dilutions and 
for rinsing utensils. The blades and bear
ing inserts in Waring Blendors were 
nickel- and gold-plated.4

Weighed aliquots of the blended food, 
feces, and urine composites, collected dur
ing each metabolic balance period, were 
wet-ashed in Pyrex beakers with redistilled 
nitric acid, 70% perchloric acid, and 30% 
hydrogen peroxide until a white ash was 
obtained. The ash was dissolved in hot 
1:1 redistilled HC1: ion-free water, filtered, 
and made to volume. Aliquots of this 
solution were then used for the determina
tion of Cu, Co, and Mn by AOAC methods
(10). Mo was determined by the thio
cyanate method of Evans et al. (11).

RESULTS AND DISCUSSION

The primary purpose of these studies 
was that of determining the influence of 
dietary protein intake level on the meta
bolic patterns of many other nutrients, 
many of which were maintained at con
stant intakes. With reference to the 
micronutrient elements under study here, 
however, no attempt was made to arrive 
at uniform intake. Rather, the amount of 
the respective elements furnished in the 
diet ingredients constituted the intake. 
These are shown in terms of concentra
tion in the dry matter of the respective 
diets (table 2). The corresponding pro
tein (nitrogen) intake is also shown as

4 O btained from  The A rt M etal F in ish in g  Com pany, 
W ashington, D.C.
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TABLE 2
S u b jec t w e ig h ts a n d  d ie t com position  in  dry m a tter , n itrogen , a n d  m icron u trien ts

Diet com position
Year D ie t1 

no.
No. of 

subjects
Avg w t of 
subjects N itrogen Dry

m atte r Copper M anganese Cobalt Molyb
denumA nim al P lan t Total

kg 9 9 9 9 p p m p p m PPb p p b
1956 2 3 24 5.4 2.3 7.7 410 2.63 5.10 32 .4 177

3 3 27 9.0 2 .6 11.6 4 9 6 2.24 4 .5 0 27 .6 149
4 3 31 6 .7 2 .6 9.4 3 9 7 3.03 6.99 36 .5 189
5 3 33 11.4 2 .7 14.1 4 9 6 2.68 6 .05 35 .9 163

1958 8 12 28 1.8 1.7 3 .5 4 8 0 2.23 6 .02 17.9 99
8 ' 12 29 1.1 1.8 2.9 4 6 0 2 .20 6.30 17.4 94

1962 9 a n d  10 6 27 0 3.5 3 .5 4 6 0 6 .15 9.41 42 .8 101
11 a n d  12 6 29 0 6.3 6.2 4 8 0 8 .06 10.66 42 .5 148

1 D ietary details given in  (7, 8 ).

well as its distribution between plant and 
animal sources.

The diets used in 1958 and 1962 were 
developed to obtain nutrient metabolic 
patterns at protein intakes approaching 
estimated minimum requirements and with 
diets low in or devoid of animal protein 
sources. These diets were no more bulky 
(dry matter content) than diets relatively 
high in protein used in the diets in the 
1956 study, diets not unlike those com
monly consumed by children in the United 
States. The all-plant protein diets (1962 
study) reveal a considerably higher con
tent of Cu, Co, and Mn than those used in 
previous studies, a reflection of the rela
tively high concentration of these elements 
in such legumes as peanuts, soybeans, 
cashew and almond, protein sources com
mon to the 1962 diets.

Table 3 summarizes the excretion pat
tern and balances for copper, manganese, 
cobalt and molybdenum. Only traces of 
copper were excreted via the kidneys. Man
ganese behaved similarly. Cobalt was parti
tioned approximately 90% in fecal and 
10% in urine, whereas urinary molyb
denum excretion exceeded that in feces 
by a factor of approximately two.

Some of the diets used represent rather 
drastic departures from common consump
tion patterns. It was therefore of interest 
to determine whether there were any sig
nificant changes in metabolic patterns for 
these minor elements during the course of 
these studies. Table 4 summarizes average 
retention patterns. In each case the aver
age values are aligned from lowest to

highest. It is obvious from the scattering 
of period numbers that in most instances 
there was no indication of a trend toward 
either more efficient or less efficient utiliza
tion with time. The exception is evident 
with respect to copper in the 1962 study. 
Here a relatively high retention in early 
periods, one apparently unrealistic in terms 
of estimated accretion needs, is followed by 
significantly lower retentions during the 
final 3 periods of the study.

Individual subject variation also con
tributed significantly to total variation in 
the retentions observed for these minerals. 
Table 5 summarizes the average retentions 
for these minerals for each subject over 
the entire study, and the variations be
tween subjects are evident.

Copper balance was generally not 
achieved by these children when intakes 
were as low as 1.0 to 1.3 mg/day (1956 
and 1958 studies). Appreciable retention 
of this element was uniformly achieved 
at intakes of 3 to 4 mg/day in the 1962 
subjects.

The average retention values shown in 
table 5 and the average intake data shown 
in table 3 suggest that for Cu, Co, and Mn 
there is a reasonable positive relationship 
between intake and retention (or excre
tion). Even though the intake variable for 
these respective elements may be con
founded with year, it was deemed desir
able to calculate regression of excretion on 
intake of these elements so as to arrive at 
estimates of intakes necessary for equilib
rium. These are shown in table 6. The 
high correlation coefficients place consider-
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able reliability upon these estimates of 
dietary requirements for achieving equi
librium. It must be recognized, however, 
that such estimates do not include pos
sible losses through integumental surfaces 
and do not allow for growth needs. No 
attempt at establishing an estimate for 
equilibrium for Mo was made in view of 
a relatively low correlation coefficient (r = 
0.46). In contrast with the trend toward 
lower utilization of copper with time when 
intakes were between 3 to 4 mg/day, as 
already mentioned, there was no indica
tion that rising intakes were influencing 
retention of Co or Mn over the range of 
intakes studied. Requirement estimates are 
difficult to achieve since only approxima
tions can be made with respect to other 
factors, namely, losses of these elements 
through the skin and needs for growth.

With respect to Cu, if the body con
tent for this element is accepted as ap
proximately 3 mg/kg (12) the daily accre
tion necessary to meet growth needs is 
about 0.025 mg/day, a small value com
pared with the estimated daily copper loss 
via feces and urine of 0.6625 mg (extrap
olation to zero intake, table 5). It ap
pears to represent no more than 5% of 
the estimated endogenous loss via these 
routes. Thus the increment of Cu neces
sary for growth appears to be small. With 
respect to integumental losses, few refer
ence data are available. Mitchell (13) 
observed sweat to contain 5.8 ug of cop- 
per/100 ml. If one assumes 350 ml in
sensible sweat loss for children (800 ml 
for adult men) in a comfortable environ
ment, Cu loss via perspiration would be 
negligible. On the other hand, Cu losses 
via sweat have been reported to be as high 
as 1.9 mg/day in men with intakes of
3.5 g/day under conditions of high tem
perature (35-40°) and forced exercise 
(350-400 g sweat/hour).

The suggested Cu allowance of 2.5 mg 
(table 6) assumes that sweat losses may 
equal up to about 0.5 mg/day and allows 
an additional 0.7 mg as a margin of safety. 
The Cu balance trends noted in the 1962 
study (intakes of 2.83 to 3.87 mg/day) 
suggest that intakes in excess of 2.5 mg/ 
day would lead to increased fecal excre
tion.
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TABLE 6
Regression  analysis fo r  deriving  estim a tes o f u tiliza tio n , endogenous loss, eq u ilib riu m , and  

suggested  allow ances (excre tion  =  y , in ta ke  =  x )

y  in trecep t,1 
x  =  0 Slope 2 C orrelation

coefficient y  =  x  3 Suggested 4 
allow ance

C opper 0 .6625  m g 0 .4914 0 .984 1.3 m g 2 .5  m g

M a n g a n e se 0 .4162  m g 0 .5976 0 .942 1.0 m g 1.25 m g

C o b a lt 4 .3 5 2 0  fig 0 .4323 0 .944 7 . 7 /ig 15.0 fig

1 E stim ate  of daily  endogenous loss v ia  feces an d  urine.
2 E stim ate of %  u tiliza tion  from  the  d iet (1 .0  —* slope x 100).
3 E stim ate of daily  in tak e  requ ired  fo r equilibrium .
4 See text.

The utilization value observed for Cu, 
51% of intake (table 6), also the apparent 
absorption value since little Cu appeared 
in the urine, was as good from all-plant 
protein sources as from mixed plant-ani
mal sources, assuming dietary protein level 
was without influence on the absorption 
of this element. The apparent absorption 
may constitute a considerable deviation 
from true absorption. The turnover stud
ies of Cartwright and Wintrobe (15) indi
cate that three-forths or more of fecal 
copper represents biliary secretion.

The estimated manganese requirement 
for equilibrium was found to be 1.0 mg/ 
child/day (table 6). Total body Mn is 
estimated to be only about one-tenth that 
of Cu (12) and hence the daily require
ment for growth can be assumed to be even 
lower than that for Cu. Sweat losses can 
be estimated from the data of Mitchell
(13) to be very similar to Cu under nor
mal environmental conditions. In a hot 
environment and with exercise, daily Mn 
losses of 61 to 121 ug were observed by 
Consolazio and associates (14) when daily 
intake was 4.2 g. The suggested allowance 
of 1.25 mg Mn, half that for Cu, is con
sistent with its lower total body content 
and with its presence in lower concentra
tion in sweat.

With respect to Co, the suggested allow
ance of 15 ug, or approximately twice the 
amount required for equilibrium, is con
sistent with the observation that hot cli
mates may result in daily sweat losses of 
Co as high as 15 to 18 ug (14). Whether 
this element is of nutritional importance 
in its inorganic form is not known. It is 
of interest that of the total Co in the diets, 
less than 1% could be accounted for as 
vitamin Bn. Vitamin Bn intake ranged be

tween 0.65 and 4.4 ug/child/day, based 
on analyses of food composites and sup
plementary vitamin Bu administered.

Although Mo is recognized as an essen
tial element, no estimates have been made 
as to requirements. The balance data of 
table 3 show that there was considerable 
variation in retention of Mo from the vari
ous diets. All diets, however, resulted in 
positive balances, and hence the results 
support the view that storage of this ele
ment occurred when the intake approxi
mated 100 ug/day.

The procedures used here in estimating 
requirements or allowances for these ele
ments do not consider adaptive phenom
ena that may express themselves in the 
event that intakes of these elements should 
fall below the levels of intake characteristic 
of the diets used. There is lack of knowl
edge particularly concerning integumental 
losses with varying intakes. Also, it is ap
propriate to recognize that the values for 
daily losses of these elements under con
ditions of zero intake constitute extrapola
tions beyond the range of intakes studied 
(table 6) and their validity must await re
sults of studies with diets free of these 
elements, a condition not easily achieved.
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A B ST R A C T  T o s tu d y  th e  e f fe c ts  o f  e s s e n t ia l  fa t ty  a c id  d e f ic ie n c y  u p o n  r a b b its ,  
e s p e c ia l ly  u p o n  s p e r m a to g e n e s is ,  f iv e  im m a tu r e , m a le , N e w  Z e a la n d  r a b b its  w e r e  fe d  
a p u r if ie d  d ie t  d e v o id  o f  fa t  fo r  14  w e e k s . T h e  fa t t y  a c id s  o f  th e  te s te s  s h o w e d  a 
m a r k e d  in c r e a s e  o f  5 ,8 ,1 1 -e ic o sa tr ie n o ic  a c id  a n d  a  d e c r e a s e  in  th e  m e m b e r s  o f  th e  
l in o le a t e  fa m ily  o f  fa t ty  a c id s . G ross e v id e n c e  o f  e s s e n t ia l  fa t t y  a c id  (E F A )  d e f ic ie n c y  
in c lu d e d  d im in is h e d  g r o w th  a n d  f e e d  e ff ic ie n c y , a n d  lo s s  o f  h a ir . T o ta l l ip id s ,  p h o s p h o 
lip id s ,  a n d  fr e e  c h o le s te r o l o f  te s te s  w e r e  fo u n d  to  b e  d e c r e a s e d , w h e r e a s  tr ig ly c e r id e s  
fo l lo w e d  th e  r ev e r se  p a tte rn . N o  q u a lita t iv e  or q u a n t ita t iv e  d if fe r e n c e s  in  th e  fa t ty  
a c id  c o m p o s it io n  o f  s e m in a l  v e s ic le s  w e re  fo u n d  in  th e  d e f ic ie n t  a n d  c o n tr o l g ro u p s . 
T e s te s  o f  d e f ic ie n t  a n im a ls  s h o w e d  a n  e x te n s iv e  d e g e n e r a t iv e  c h a n g e  in  th e  s e m in if e r 
o u s  tu b u le s ;  n o  s ta g e  b e y o n d  s e c o n d a r y  s p e r m a to c y te  w a s  e v id e n t .  G lu co s e  6 -p h o sp h a te  
d e h y d r o g e n a s e  a n d  A 5-3(3 -h yd roxystero id  d e h y d r o g e n a s e  a c t iv ity  o f  L ey d ig  c e l ls  in  b o th  
g ro u p s  s h o w e d  th a t  th e s e  e n z y m e s  w e r e  p r e se n t .  M a le  a c c e s so r y  g la n d  w e ig h t s  w e re  
s ig n if ic a n t ly  r e d u c e d  in  th e  d e f ic ie n t  a n im a ls ,  in d ic a t in g  r e d u c e d  a n d r o g e n  s e c r e t io n .  
H is to lo g ic a l  e x a m in a t io n  o f  th e  a n ter io r  p itu ita r y  g la n d  s h o w e d  s ig n s  o f  d e g e n e r a t iv e  
c h a n g e s  in  P A S -p o s it iv e  b a s o p h i lic  c e l l s ,  w h ic h  a p p ea r e d  to b e  s h r u n k e n  a n d  p a r t ia l ly  
d e g r a n u la te d  in  E F A -d e f ic ien t  r a b b its ,  s u g g e s t in g  th a t  E F A  d e f ic ie n c y  i s  a c c o m p a n ie d  
b y  d im in is h e d  s e c r e t io n  o f  th e  a n ter io r  p itu ita r y . T h e re  w a s  a ls o  a n  in c r e a s e  in  th e  
n u m b e r  o f  c h r o m o p h o b e s  a n d  a d e c r e a s e  in  a c id o p h il  c e l ls .  T h e se  o b s e r v a t io n s  s u g g e s t  
th a t  th e  d e g e n e r a t io n  o f  g o n a d s  o b se rv e d  d u r in g  e s s e n t ia l  fa t ty  a c id  d e f ic ie n c y  m a y  be  
d u e  to  p r im a r y  im p a ir m e n t  o f  a n ter io r  h y p o p h y s e a l fu n c t io n .

The effects of essential fatty acid (EFA) 
deficiency in rabbits have not been previ
ously reported in full. In studies on experi
mental atherosclerosis in rabbits, Wigand 
(1) fed a semipurified diet containing 8% 
of various fats. He observed that in those 
groups fed glyceryl trilaurate or hydrogen
ated coconut oil, the rabbits grew poorly 
and lost hair. When the animals were fed 
corn oil these symptoms did not occur. The 
loss of hair in rabbits fed trilaurin could 
be prevented by supplements of corn oil or 
linoleate to the trilaurin diet. These results 
were in agreement with those of Lambert 
et al. (2) who observed that rabbits fed 
a semipurified diet (3) containing 20% 
hydrogenated coconut oil developed a 
“ruffled” appearance, lost hair and had a 
poorer feed efficiency than did comparable 
groups fed safflower oil. It appears likely 
that these symptoms were the result of 
essential fatty acid deficiency. In experi
ments from this laboratory, EFA deficiency 
has been induced in rabbits fed a semi
purified diet, but the results have been 
published only in abstract form.4 The diet

contained 2% hydrogenated coconut oil as 
the sole source of fat, plus 1% of choles
terol, and within 3 months the rabbits 
developed skin eruptions on the feet, and 
lost hair within an additional month. They 
became emaciated, had excessive loss of 
hair and some died. On the contrary, de
ficient rabbits given 2% corn oil for the 
fourth month showed new hair growth 
and the skin lesions disappeared. One pur
pose of the present study was to describe 
physical and biochemical changes in the 
EFA-deficient rabbit.

Considerable evidence is available which 
indicates impairment of reproductive func
tion in EFA-deficient rats of both sexes. In 
male rats, complete absence of sperma

Received fo r p ub lica tion  October 14, 1966.
1 Supported in  p a r t by Public  H ealth  Service Re

search  G ran t no. AM-04524 from  the N atio n a l In sti
tu te  of A rth ritis  an d  M etabolic D iseases, and  a g ran t 
from  Mrs. Jam es M. Fau lkner.

2 R ecipient of N ational In stitu tes  of H ealth  Fellow
ship  G ran t 7-F3-AM-23,963-01A l.

3 The H orm el In stitu te , U niversity  of M innesota, 
A ustin , M innesota 55912.

4 H olm an, R. T., and  J. J. P eifer 1956 H orm el 
In s titu te  A nnual Report 1955-56, p. 41; Peifer, J. J., 
an d  R. T. H clm an  1956 Federation  Proc., 15: 326
(a b s tra c t) .

J . N u t r it io n , 9 2 : ’67 205
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tozoa and marked degeneration of the 
seminiferous epithelium were observed.
(4). Histological examination of pituitary 
glands of these rats revealed the presence 
of typical “signet ring” cells similar to 
those found in the castrate animal (5). 
However, Greenberg and Ershoff (6) noted 
no significant difference in the histological 
picture of the testes of rats fed a diet de
ficient in EFA and those fed a natural diet, 
but observed a reduction in the weight of 
male accessory glands in the deficient ani
mals. As these changes were reversed by 
use of chorionic gonadotropin, the inves
tigators concluded that the primary failure 
was due to insufficiency of pituitary go- 
nadotropin(s). Female rats deprived of 
dietary EFA ovulated irregularly, and had 
prolonged gestational periods (7, 8). His
tological examination of the ovaries of 
such fat-deficient rats revealed the pres
ence of wheel cell or “deficiency nuclei” 
similar to those seen following hypophy- 
sectomy (9, 10). On the basis of this 
observation and quantitative analysis of 
pituitary cell types (10), these authors 
concluded that fat deficiency causes a re
duction in the secretion of luteinizing hor
mone, and consequently results in loss of 
ovarian function. From the evidence pre
sented above, it is difficult to conclude 
whether the hypophysis is the primary 
target of EFA deficiency, with changes in 
the seminiferous tubules occurring sec
ondarily, or whether there is a primary 
hypogonadism followed by the pituitary 
changes.

The second object of this study was to 
elucidate more fully the relationship of 
EFA and the reproductive gland using 
available biochemical, histological and his- 
tochemical methods. Rabbits were chosen 
for this objective because they could be 
made EFA-deficient (1-3) and are large 
enough to be used subsequently for studies 
of semen lipids.

M A T E R IA L S A N D  M E T H O D S

Ten 3-month-old male New Zealand rab
bits, weighing between 1,100 and 1,300 g, 
were divided into 2 groups of five each. 
One group was fed a commercial diet5 and 
the second group was fed a fat-free pel
leted diet6 colored green, and which con
tained 21.1% vitamin-free casein, 4.0%

salt mixture, 58.45% sucrose, 16.45% 
non-nutritive bulk.7 Each kilogram of diet 
contained: vitamin A, 20,000 IU; vitamin 
D, 26,000 IU; and (in grams) choline 
chloride, 6.0; nicotinic acid, 0.6; inositol, 
0.3; and (in milligrams) tocopherol, 225; 
menadione, 2.25; thiamineHCl, 22; pyri- 
doxine-HCl, 22; riboflavin, 22; and Ca pan
tothenate, 44. Each kilogram of salt mix
ture contained: (in grams) Ca carbonate, 
68.6; Ca citrate, 308.3; Ca biphosphate, 
112.8; magnesium carbonate, 35.2; mag
nesium sulfate, 38.2; potassium chloride, 
124.7; dibasic potassium phosphate, 218.8; 
sodium chloride, 77.1; ferric ammonium 
citrate, 15.3; cupric sulfate, 0.078; man
ganese sulfate, 0.20; ammonium alum, 
0.092; potassium iodide, 0.04; and sodium 
fluoride, 0.51. This diet was known from 
previous experiments to induce EFA de
ficiency in rats. The animals were fed 
measured quantities of food and water ad 
libitum. At the end of 10 weeks wThen the 
experimental animals began to lose their 
fur, a biopsy was performed on the testes 
of animals, two from each group. The tis
sues were fixed in Bouin’s fixative and the 
sections were cut and stained with hemo- 
toxylin and eosin. A second testicular bi
opsy was performed on the same animals 
3 weeks later. After an additional week, 
the animals were killed by cervical dis
location. The testes were removed imme
diately, cleaned and weighed. For histo- 
chemical study one-half of each testis was 
transferred to a Petri dish placed on dry 
ice; for histological study a small cross 
section of a portion of the remaining testis 
from each animal was transferred to 
Bouin’s solution. The remaining testis tis
sue from each animal was weighed and 
transferred to individual vials containing 
normal saline and kept frozen until analy
sis was performed. The seminal vesicles 
were weighed and stored similarly. Pros
tate gland weights were also recorded but 
were not analyzed. All the pituitaries were 
dislodged, weighed and the anterior por
tion was then fixed in Bouin’s solution for 
histological study. Animal body weight, 
food consumption and EFA deficiency

5 P u rin a  L aboratory  Chow, R alston  P u rin a  Com pany, 
St. Louis.

6 P repared  according to our in stru c tio n s by N u tr i
tio n a l B iochem icals Corporation, C leveland.

7 A lphacel, N u tr itio n a l B iochem icals Corporation.
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symptoms were recorded at weekly inter
vals. Periodically, receptive females were 
caged with the males to observe the libido 
of the latter.

Extraction, separation and estimation of 
total lipid and lipid fractions. The sam
ples of testis tissue and of seminal vesicles 
from each animal were thawed, homoge
nized separately in a tissue grinder, and 
the lipids extracted according to the pro
cedure of Folch et al. (11). Due to the 
small amount of lipids available in the 
seminal vesicles, quantitative determina
tion of total lipids and lipid classes was 
attempted on the testes only. An aliquot 
of each sample was used to determine the 
total lipid gravimetrically, expressed as 
percentage of wet tissue weight. Another 
aliquot was used to separate neutral lipids 
and phospholipids on silicic acid col
umn chromatography. The solvent system 
and elution techniques are described else
where (12).

Gas-liquid chromatography. The lipids 
of the testes and the seminal vesicles were 
converted into methyl esters by trans
esterification with 5% methanolic HC1. 
The esters were analyzed on Beckman 
GC-2A and Research Specialties gas chro
matographs equipped with hydrogen flame 
detectors. An aluminum column 180 cm X 
0.62 cm was packed with 20% ethylene 
glycol succinate and 2% phosphoric acid 
on Gas Chrom P, 80— 100 mesh. The 
flow rate of helium was 80 ml/minute, 
and the column temperature was 190 to 
195°. The esters were identified by equiv
alent chain length (13) and internal 
standards were used whenever feasible. If 
the identification was in doubt, the peak 
ester was isolated and hydrogenated to 
determine the chain length. The data are 
reported as area percent of total fatty 
acids. Amounts less than 0.1% are ex
pressed as trace. Five samples of testes 
from each group were analyzed and, in 
the case of seminal vesicles, 5 samples 
from the control and 4 samples from the 
deficient animals were analyzed.

Histological studies. The testes and 
pituitary glands were fixed in Bouin’s so
lution for 24 hours for routine tissue sec
tioning. The testes sections were stained 
by hemotoxylin and eosin, and pituitary

sections were stained by Periodic Acid 
Schiff (PAS) and by orange G.

Histochemical studies (glucose 6-phos- 
phate dehydrogenase and A5-3$-hydroxy- 
steroid dehydrogenase). The fresh frozen 
tissues (16 n) were cut in a cryostate at
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Li_O

LUO
cr
LU
CL

C on tro l  D e f ic ien t

C ontro l  D e f ic ie n t  
L I P I D S  O F  T E S T E S

F ig . 1 L ip id s  o f  t e s te s  in  th e  n o r m a l a n d  
E F A -d e f ic ien t  r a b b its . ( A )  P e r c e n ta g e  o f  c h o le s 
tero l a n d  tr ig ly c e r id e  in  n e u tr a l l ip id s .  ( B )  T o ta l  
l ip id s  p er  1 0 0  g o f  t is s u e  a n d  p e r c e n ta g e  p h o s p h o 
l ip id s  in  to ta l l ip id s .
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— 18° and placed on a cover slip to dry. 
The sections were incubated in a medium 
for 20 minutes for G-6-P dehydrogenase 
and one hour for 33-ol-enzyme. Adequate 
controls were run in each case. The for
mula and procedure for preparation of 
medium are similar to those described by 
Deane et al. (14) for G-6-P dehydrogenase 
and Nachlas et al. (15) for 3(3-ol-enzyme.

RESULTS
The average weight gain during 10 

weeks for the deficient animals was 
1,300 g, and 2,200 g for the controls. The 
food consumption of the groups was not 
significantly different. Feed utilization was 
approximately 18.0 g weight gain/100 g of 
diet for the controls and 10.0 g/100 g for 
the deficient animals. No data of water 
consumption were recorded. In the de
ficient animals the livers weighed almost 
twice as much as those of controls, and 
the surfaces were covered with small 
brownish spots. Hemorrhagic spots were 
visible in the kidneys and the spleens.

Figure 1 summarizes the analyses of 
total lipids and major lipid classes in the 
testes. Values for total lipid, percentage of 
phospholipids in total lipid and percentage 
of free cholesterol in neutral lipids, were 
larger for the controls. Neutral lipid and

percentage of triglycerides in neutral lipid 
were less for the controls. Other lipid 
classes, such as diglyceride, free fatty 
acids and cholesterol esters, were present 
in small amounts and were not measured.

Fatty acid content of the total lipids of 
testes and seminal vesicles are shown in 
table 1. In general, the pattern of fatty 
acid composition of normal rabbit testes 
resembles that for testes of other labora
tory and domestic animals. Seminal vesicle 
fatty acids were perdominantly unsatu
rated and resembled those in other repro
ductive organs. The effect of deficiency 
upon fatty acid pattern of testis lipids is 
similar to that noted in rats. EFA defi
ciency in the rabbit caused diminished con
tent of fatty acids related to linoleate and 
increased 16:lo)7, 18:1cj9 and 20:3w9. 
These compositional changes are char
acteristic of EFA deficiency in several 
species.

Microscopic examination of the testes 
revealed a number of significant findings 
(fig. 2). In the deficient animal extensive 
degenerative changes were noted in the 
seminiferous tubules. Spermatogenesis did 
not progress beyond the stage of secondary 
spermatocytes. The intertubular spaces 
were wide, and the tubules appeared to be 
smaller than in the controls. There was no

TABLE i
F atty  acid  com position  o f to ta l lip ids o f testes and  sem in a l vesicles o f rabbits

Testes S em inal vesicles
F atty  acids

C o n tro l1 Fat-
d efic ien t 1 C o n tro l1 Fat-

deficient 2

1 2 :0 1 .4  ±  0 .2  3 2 . 3 ±  1 .0 2 .8  ± 0 . 8 2 .9  ± 0 . 2
1 4 :0 1.1 ±  0 .2 2 . 8 ±  1.8 1.0  ±  0 .2 1 .9  ± 0 . 4
unknown 1 .2  ±  0 .2 1 . 9 ±  0 .5 1 . 2 ± 0 .2 2 .4  ± 0 . 8
1 6 :0 2 4 .9  ± 6 . 0 2 3 .1  ±  4 .5 2 3 .2  ±  3 .0 2 4 .1  ± 3 . 7
1 6 : lw 7 1 . 7 ±  0 .7 6 .9  ± 1 . 5 2 .5  ±  0 .2 3 .8  ±  2 .0
1 8 :0 1 1 .1  ± 2 . 0 1 4 . 2 ± 4 .0 1 5 .8  ± 2 . 1 1 3 .9  ± 0 . 8
18  : lw 9 1 2 .6  ±  2 .2 1 8 .3  ±  4 .9 1 8 . 2 ±  2 .0 1 9 .3  ±  0 .8
1 8 :2w 6 1 0 .8  ± 2 . 1 5 .9  ±  0 .5 1 2 . 6 ±  2 .0 1 5 .2  ±  0 .3
18 : 3u>3 1 .3  ±  0 .4 tr 1 .3  ±  0 .6 2 .0  ± 0 . 2
2 0 :2 w 9 tr tr a b s e n t a b s e n t
2 0 :3 w 9 2 .3  ±  0 .8 1 9 .5  ±  5 .4 tr tr
2 0 :  3o?6 5 .8  ± 0 . 7 tr 2 .9  ± 0 . 2 2 .6  ±  0 .5
2 0 :4 w 6 9.1  ± 1 . 9 2 .7  ± 1 . 0 7 .1  ± 2 . 8 6 .7  ±  0 .3
2 0 :  5o»3 1 .8  ±  0 .5 tr 3 .9  ± 0 . 4 2 .3  ± 0 . 2
2 2 :4 w 6 2 .8  ±  0 .7 tr 1 .7  ± 0 . 4 4 .0  ±  2 .0
2 2 : 5w 6 1 4 .8  ± 2 . 6 3 . 2 ±  1 .2 5 .6  ± 0 . 3 3 .7  ± 1 . 7
2 2 : 5w3 1 . 0 ± 0 .3 tr 1 .5  ± 0 . 5 1 .4  ± 0 . 3
2 2 :  6o>3 1 .3  ±  0 .2 absent 3 .1  ± 0 . 3 2 .6  ± 1 . 1

1 Five rabb its/g roup .
2 Four rab b its /g ro u p .
3 Averages ±  s e  of m ean.
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F ig . 2  M ic ro sc o p ic  s e c t io n  o f  s e m in ife r o u s  tu b u le s  o f  a d e f ic ie n t  a n d  c o n tr o l ra b b it , s ta in e d  by  
h e m a t o x y lin  a n d  e o s in . ( A )  N o te  th e  d e g e n e r a t iv e  c h a n g e s  in  th e  tu b u le s  o f  th e  d e f ic ie n t  a n im a l.  N o  
s ta g e  b e y o n d  s e c o n d a r y  s p e r m a to c y te  is  d e te c ta b le .  In te r tu b u la r  s p a c e s  are w id e  a n d  tu b u le s  a p p ea r  
to  b e  s m a lle r . X 2 5 . ( B )  N o r m a l co n tr o l. N o te  a c tiv e  s p e r m a to g e n e s is  in  a ll tu b u le s . X 2 5 . (C  a n d  
D )  T u b u le  fr o m  th e  s a m e  g e n e r a l a r ea s  s h o w n  in  A  a n d  B m a g n if ie d  to  s h o w  d if fe r e n c e s  m o re  
c le a r ly . X 4 0 0 .

change in the number or size of the inter
stitial cells (Leydig cells). The spermato
gonia and primary spermatocytes appeared 
normal in shape and size. A tubule (X400) 
from the same general area (fig. 2, C and 
D) shows these differences more clearly.

The histological picture of anterior pitui
tary stained by PAS technique (fig. 3) 
showed degenerative changes in the PAS- 
positive basophils in the deficient animals. 
These cells were reduced in size and par
tially degranulated. In addition to this,
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F ig . 3  ( A )  P itu ita r y  o f  c o n tr o l ra b b it . N o te  la r g e , w e ll-g r a n u la te d  b a s o p h i ls  (a r r o w s )
a n d  d is t in c t  c e l l  b o u n d a r ie s . P A S -o ra n g e  G. X 4 0 0 . ( B )  P itu ita r y  o f  r a b b it  f e d  fa t -d e f ic ie n t  
d ie t. B a so p h ils  ( a r r o w s )  are s m a ll  a n d  s h r u n k e n . N o te  th a t  m o s t  o f  th e  g la n d  is  c o m p o s e d  
o f  la r g e  c h r o m o p h o b e s  w ith  ir r eg u la r , in d is t in c t  c e l l  b o u n d a r ie s . P A S -o ra n g e  G. X 4 0 0 .

there was marked reduction in the number 
of acidophil cells and a significant increase 
in the chromophobes.

Histochemical studies of G-6-P dehydro
genase and 3fS-ol-enzyme activity (fig. 4,

A, B) showed that the enzymes necessary 
for synthesizing androgens were present 
in both groups, but whether the hormones 
were actually being released and in what 
quantities could not be ascertained.
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F ig . 4  ( A )  A c t iv ity  o f  3 /3 -en zym e w ith  3/3-O H, a n d ro s t-5 -en -1 7 -o n e  (D H A )  in  th e  te s te s
o f  c o n tr o l ra b b it , x  2 5 . ( B )  N o te  n o  c h a n g e  in  th e  3 /3 -en zy m e a c t iv ity  in  th e  d e f ic ie n t  a n i
m a l. X 2 5 .
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TABLE 2
W eig h ts  o f organs o f control and  fa t-defic ien t an im a ls

O rgan Control Fat-
deficient

No.
an im als P value

Sem inal vesicles, m g 300  ±  19 1 248  ±  8 4 <  0 .05
P ro sta te , m g 424  ±  22 324 ±  19 4 <  0 .05
T estes, g 5 .7  ±  1.1 4 .3  ±  0.3 5 >  0 .05
P itu ita ry , m g 29 .0  ±  0 .4 27 .0  ±  1.0 4 >  0 .05
L iv e r,g 52 .0  ±  4 101 ±  8 5 <  0 .05

1 Averages +  s e  of m ean.

In the deficient animals the male acces
sory gland weights (table 2) were signifi
cantly reduced. No significant differences 
were noted in weights of pituitary gland 
and testes in either group.

DISCUSSION

This study indicates that rabbits, like 
rats, can develop a dietary deficiency of 
EFA, although a few differences in the 
nature of the symptoms were observed. 
For instance, dermatological changes were 
less evident in the rabbit than in the rat, 
although weight loss appeared earlier in 
the rabbit (16). Total lipids and phospho
lipid levels in EFA-deficient rabbits were 
somewhat higher than those reported by 
Bieri and Prival (17). The less efficient 
utilization of food in the deficient rabbits 
paralleled that observed in rats (18).

The diminished phospholipid in the tes
tes of the deficient animals suggests that 
phospholipids are closely related to func
tion. This conclusion is substantiated by 
observations of an increased phospholipid 
content in the frog ovary during produc
tion of ova (19) and in the chick brain 
during embryonic development (20,21). 
Phospholipid increases in the growing bo
vine testis and decreases during testicular 
degeneration (12) and in the degenerating 
postpartum corpus luteum.8

As in other species studied (17, 22), the 
fatty acids of the rabbit testis were highly 
unsaturated. The effects of EFA deficiency 
on the fatty acids of testes included a de
crease in the linoleate family of fatty acids 
and an increase in the oleate family. There 
was a marked increase in eicosatrienoic 
acid of testis lipid which is also character
istic of tissues of the EFA-deficient rat 
(23). Saturated fatty acids increased in the 
testis lipids of deficient animals although 
the longer-chain fatty acids present in

small amounts in the normal testis dis
appeared. The testis fatty acids of control 
rabbits used in this study contained eicosa
trienoic (<j9) 9 acid and some long-chain 
fatty acids which have not been reported 
previously (17). The fatty acid composi
tion of the rabbit seminal vesicle did not 
appear to be significantly affected by EFA 
deficiency.

As in the fat-deficient rat (6), the weight 
of the accessory reproductive organs was 
reduced in the deficient rabbits. This in
dicates a deficiency in production or re
lease of androgens (24). Although the 
testes of the deficient rabbits did not 
change in weight significantly, they ex
hibited failure of spermatogenesis beyond 
the spermatocyte stage. Similar observa
tions have been made in the rat (4, 25) 
which are compatible with failure of go
nadotropic stimulation (26-28).

The moderately intense G-6-P dehydro
genase and 3(3-ol-steroid dehydrogenase ac
tivity observed in the Leydig cells of the 
deficient animal is worthy of note because 
it indicates that the enzymatic mechanism 
for androgen production was at least par
tially intact. However, the absence of libido 
in the deficient males, and the decrease in 
seminal vesicle weight, were good indica
tions that androgen release was not oc
curring (29).

The changes produced by fat deficiency 
in the pituitary are difficult to interpret 
without bioassays of the hormones actually 
present. The signet ring cells seen in the 
fat-deficient rat (4) and in the castrated 
rabbit (30,31) were not observed in this

8 U npublished observations.
9 In  th is notation , 20 ind icates ch a in  leng th , 3 in d i

cates nu m b er of double bonds, and  oj9 ind ica tes the  
first double bond from  the  te rm in a l m ethy l group is 
a t the  n in th  carbon atom . In  PUFA all double bonds 
are assum ed to be cis an d  m ethylene in terrup ted . 
T hus o>9 denotes oleate fam ily , w6 is linoleate, and  
co3 lino lenate  fam ily.
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study. The PAS-positive basophil cells were 
shrunken and partially degranulated. This 
may indicate reduced gonadotropic activ
ity of these cells. In PAS staining it is 
difficult to identify the granules in the 
basophils producing FSH and LH; there
fore, in this study all basophil granules 
were considered together. The degranula
tion of basophils indicates either reduced 
secretion of LH or FSH or both. Lack of 
LH would inhibit androgen secretion of 
the testes which might result in hypo
gonadism. Our histological results on the 
testes and weights of accessory glands are 
compatible with the changes observed in 
the pituitary. Therefore, in EFA deficiency 
in the rabbit the deficiency of androgen 
secretion may be due to lack of LH from 
the pituitary, and this possibility is now 
being tested experimentally in rabbits. 
This has been indicated by studies in EFA- 
deficient rats (4) in which testosterone 
administration repaired the testicular dam
age to a greater degree than did the 
gonadotropins. Many studies have been 
reported in the literature to relate repro
ductive failures with vitamin deficiency, 
undernutrition and complete starvation. 
None of these conditions was a contribu
tory factor in this study; yet some of the 
effects, at least upon the hypophysis, are 
similar.

This study has demonstrated that rab
bits can easily be made deficient in EFA. 
Beginning with half-grown animals, dis
tinct morphological and chemical changes 
gave evidence that the EFA deficiency was 
induced in a shorter period than in rats of 
a similar age. Fatty acid composition of 
seminal vesicles showed only minor differ
ence between groups, indicating that this 
tissue is more resistant to changes in di
etary lipid than testes in which marked 
changes were caused by EFA deficiency. 
Histological examination of testes also 
showed degenerative changes, leading to 
the conclusion that rabbits are good sub
jects for the study of the role of EFA in 
reproduction.
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Body Weight Changes, Pancreas Size and Enzyme 
Activity, and Proteolytic Enzyme Activity and 
Protein Digestion in Intestinal Contents from 
Calves Fed Soybean and Milk Protein Diets 1,2

A. D. L. GORRILL 3 a n d  J. W . THOMAS
D ep a rtm en t o f D airy, M ich igan  S ta te  U niversity , E ast L a nsing , M ichigan

A B ST R A C T  M ilk a n d  soybean sources o f d ie ta ry  p ro te in  fo r  calves w ere com pared  
on th e  basis of grow th, p an crea tic  enzym es a n d  in te s tin a l proteolysis. T hirty-six  3- to 
5-day-old calves w ere fed  e ith e r w hole m ilk  or m ilk  sub stitu tes  c o n ta in in g  pro tein  
fro m  skim  m ilk  an d  w hey pow der (a ll-m ilk ), 60%  supp lied  by a  50%  cru d e  p ro te in  
soybean flour (soy-50), o r 86%  supp lied  by a  71% cru d e  p ro te in  soybean flour (soy- 
71 ) a n d  k illed  a f te r  1, 3 o r 5 to 6 w eeks of feeding. Calves lo st body w e igh t w ith  
th e  soy-50 diet, b u t w e igh t g a ins w ith  th e  soy-71 d iet eq u aled  those w ith  w hole m ilk. 
T rypsin  an d  chym otrypsin  activ ities o f th e  p an creases an d  in te s tin a l co n ten ts fro m  
calves fed  th e  soy-50 d ie t w ere less th a n  those  fro m  calves fed  th e  o th er diets. Also, 
m ore try p sin  a n d  chym otrypsin  activ ity  w ere destroyed, an d  less p ro te in  w as digested  
d u rin g  a  2-hour in  v itro  in cu b a tio n  of in te s tin a l co n ten ts  fro m  calves fed  th e  soy-50 
diet. In  v itro  d igestion  of in te s tin a l p ro te in  fro m  calves fed  the  soy-71 d ie t a n d  killed  
a f te r  1 o r 5 to 6 w eeks of feed in g  eq u aled  th a t  in  d igesta  fro m  calves fed  m ilk  p ro 
te in  d iets. R esults o b ta ined  w ith  calves fed  th e  soy-50 d ie t w ere a ttr ib u te d  in  p a r t  to 
the  h ig h  soybean try p sin  in h ib ito r  co n ten t o f th e  soybean flour in  th is  diet. T he 71% 
crude  p ro te in  soybean flour co n ta in ed  neglig ib le  am o u n ts of soybean try p sin  inh ib ito r.

Milk substitutes (replacers) containing 
dried milk with or without plant by-prod
ucts supplemented with minerals, vitamins 
and antibiotics are widely used in place of 
cow’s milk to rear young calves (1, 2). 
Inferior growth and feed utilization by 
calves fed diets containing plant nutrients
(3) led to the hypothesis that certain 
digestive enzymes were not synthesized in 
sufficient quantities. Supplementation of 
vegetable-type milk replacers with exogen
ous digestive enzymes has not increased 
growth rate of calves (1). Williams and 
Knodt (4) reported the calves did not 
grow with rations containing raw soy
beans. Physiological and biochemical 
changes in the pancreas and digestion in 
calves in response to soybean trypsin and 
growth inhibitors have not been studied 
previously. The present report compares 
changes in pancreas size and proteolytic 
enzyme activity in the pancreas and in in
testinal contents of calves fed milk or soy
bean protein diets. Protein digestion and 
enzyme stability in small intestinal con
tents were determined in vitro.

MATERIALS AND METHODS 
Holstein bull calves (3 to 5 days of age) 

were fed one of 4 diets and killed after 1, 
3 or 5 to 6 weeks on trial (table 1). The 
calves were fed either whole milk, or milk 
substitutes containing protein from skim 
milk and whey powder (all-milk); 60% 
of the protein supplied by a 50% crude 
protein soybean flour (soy-50); or 86% 
of the protein supplied by a 71% crude 
protein soybean flour (soy-71).4 The all
milk and the soy-50 (high soy) diets were 
from the same batches as those described 
previously (5). When high levels of soy
bean trypsin inhibitor were observed for 
the 50% protein soybean flour in the soy- * 1 2 3 4
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50 diet, it was deemed essential to intro
duce another soy diet (soy-71) (table 2) 
in which protein was supplied by a soy
bean flour nearly free of trypsin inhibitor. 
Calves were not fed this diet until after 
data from the other 3 diets had been col
lected. Calves were fed whole milk at the 
rate of 10% of body weight per day. The 
milk substitutes were reconstituted to 12 
to 14% solids in water at 37° just before 
feeding. The amount fed (in grams air- 
dried diet/day) at specified ages (in days)

TABLE 1
N u m b e r o f calves fe d  the  4 diets fo r  each  

tim e-period in d ica ted  a n d  included  
in  fina l analyses

N um ber of calves

Diet Feeding d u ra tion , w eeks

1 3 5-6

W hole m ilk 3 4 4
All-m ilk rep lacer 1 3 3 3
Soy-50 rep lace r 2 4 3 2
Soy-71 rep lacer 3 2 3 2

1 Skim  m ilk  and  w hey powder.
2 60% of to ta l p ro tein  supplied  by a  50% crude 

p ro tein  soybean flour, an d  40% of p ro te in  supplied 
by skim  m ilk  and  w hey powder.

3 Promosoy, C entral Soya, D ecatur, Illino is; per
centage com position (a ir-d ried  b a s is ) ;  pro tein , 71; 
fa t, 0.5; fiber, 3.7; ash , 6.3; an d  carbohydrate , 18.1.

TABLE 2
C om position  o f soy-71 m ilk  replacer d iet

kg
Soybean flour 1 25
F a t p rem ix  2 33
Glucose m o nohydrate  3 33.25
V itam in -m inera l p rem ix  4 4.0
B v ita m in  com plex 1 2 3 4 5 2.0
T race  m in e ra l sa lt 2.0
DL-Methionine 0.5
A urofac-10 6 0.25

T otal 100.00
K je ldah l p ro te in  (N  X 6.25) 19.5

1 Promosoy, C entra l Soya, D ecatur, Illino is; per
centage com position (a ir-d ried  b a s is ) :  pro tein , 71; 
fa t, 0.5; fiber, 3.7; ash , 6.3; and  carbohydrate , 18.1.

2 30% fa t  p rem ix  (m ix tu re  of dried  w hey an d  f a t ) ,  
supplied  by M ilk Specialties, Inc., D undee, Illinois.

3 Cerelose, Corn P roducts Com pany, Argo, Illinois.
4 T he prem ix con ta ined : ( in  g ram s) th iam in e , 55; 

m enadione, 9.9; v itam in  A (30,000 IU /g )  +  v itam in  
D (2,800 IU /g )  -j- dl-a-tocopheryl acetate (82  IU /g ) , 
1100; K c itrate , 3438; N a 2Se03, 0.624; A12(S 0 4)3- 
18H20 , 300; H 3BO3, 10.5; N a2M 0 4*2H20 , 10.5; pyri- 
doxine-HCl, 11.6; N aB r, 20.9; ascorbic acid, 57.2; 
inositol, 286; folic acid, 1 .1 ; p-am inobenzoic acid, 28.6; 
b iotin , 5.5; v itam in  Bi 2 (0.1%  tr itu ra tio n  of Cobal
a m in ) , 31.4; ( in  k ilogram s) K2H PO 1, 12.5; MgO, 6.24; 
and  glucose m onohydrate, 21.3 (v itam in s supplied 
by M erck S harp  an d  Dohme, R ahw ay, N. J .) .

5 Dawes Lab, Inc., Chicago, con ta in in g  (m g /4 5 4  g) 
riboflavin, 2,000; p an to then ic  acid, 4,000; n iac in , 9,000; 
and  choline chloride, 90,000.

6 A m erican C yanam id Com pany, P rinceton , New 
Jersey, con ta in ing  10 m g A ureom ycin/454 g.

was as follows: 280, 3 to 7 days; 420, 8 to 
14; 560, 15 to 21; 840, 22 to 28; 980, 29 
to 35; 1120, 36 to 42. Any deviations from 
this schedule were dictated by calf size and 
incidence of diarrhea.

Calves were killed 1 to 1.5 hours after 
the morning feeding when maximal flow 
of digesta from the abomasum to the 
duodenum was reported to occur (6). 
Pancreases were removed from the calves 
immediately and placed on ice. Connec
tive tissue, lymph nodes and large blood 
vessels were removed before weighing these 
glands. Pancreatic tissue slices from calves 
fed whole milk, all-milk and soy-50 diets 
were incubated for three hours at 37° in 
Krebs bicarbonate medium saturated with 
95% 0 2 and 5% C02. The purpose of the 
incubation was to study in vitro synthesis 
of pancreatic enzymes, but net de novo 
synthesis was negligible. Tissue slices plus 
incubation media were homogenized in 
0.15 m  NaCl and centrifuged at 1300 X g  
for 30 minutes at 5° to remove cellular 
debris. Data from nonincubated tissue 
slices were not used, since considerable 
enzyme activity was lost in the precipitate 
during centrifugation (7). Homogeniza
tion of pancreatic tissue in 0.15 m  NaCl 
containing 0.1% Triton X-100 (7) had 
been adopted when calves fed the soy-71 
diet were killed. Both homogenization pro
cedures, however, gave comparable enzyme 
activities in the supernatant following 
centrifugation (7). Trypsinogen and chy- 
motrypsinogen in the pancreases from 
calves fed whole milk, all-milk and soy-50 
diets were activated with a crude entero- 
peptidase at 37° for 1 hour according to 
the procedure of Gorrill and Thomas (7). 
The activation procedure had been im
proved by the addition of 0.05 m  CaCl2 and 
lowering the temperature to 4° (7) when 
pancreases from calves fed the soy-71 diet 
were assayed. Since this modified proce
dure averaged 30% higher trypsin and 
chymotrypsin activities, values for pan
creases from calves fed the soy-71 diet 
were reduced by this amount to make a 
valid comparison between all 4 diets. 
Esterase activities of trypsin and chymo
trypsin were assayed spectrophotometri- 
cally (7), with tosyl arginine methyl ester 
(TAME) and benzoyl tryosine ethyl ester
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(BTEE), dissolved in 56% methanol 
(v/v) as substrates, respectively.

The small intestine was tied at intervals 
to prevent movement of digesta before re
moval from the animal, and then divided 
into 3 sections of equal length (upper, 
middle, lower). Intestinal contents from 
calves fed whole milk, all-milk and soy-50 
diets were centrifuged at 1300 X g for 30 
minutes at 4° to remove solid feed par
ticles before further analysis. Contents 
from calves fed soy-71 were centrifuged 
before enzyme assays, but protein was de
termined on noncentrifuged samples. A 
portion of the contents from each section 
of the small intestine was stored at 4° and 
another portion was incubated at 37° for 2 
hours. Trypsin and chymotrypsin activities 
were determined in both portions. The 
first 3 to 4 minutes of enzyme reaction 
rates (changes in absorbancy per minute) 
for intestinal contents from calves fed soy- 
50 were disregarded to minimize the error 
due to an interfering substance (7). Cor
rections for this nonenzymic activity of 
intestinal contents from calves fed soy-71 
were made by running blank enzyme reac
tions (that is, minus TAME and BTEE).

In vitro protein digestion was calculated 
from the change in Kjeldahl protein (N X 
6.25) during incubation of intestinal con
tents. Nonprotein nitrogen was removed 
by adding an equal volume of 11% trichlo
roacetic acid to from 1 to 5 ml of intestinal 
contents. After 30 minutes the samples 
were centrifuged at 1300 X g for 30 min
utes. The supernatant fluid was discarded; 
the precipitate was washed with 5% tri
chloroacetic acid and centrifuged again. 
The final precipitate was frozen to facili
tate its quantitative removal from the test 
tubes for Kjeldahl digestion.

The 3 milk substitute diets and aboma- 
sal contents from calves fed all 4 diets 
were fractionated into a whey solution ac
cording to the scheme of Garlich and 
Nesheim (8). Abomasal and intestinal 
contents from calves fed the 2 soy diets 
were also extracted according to Alumot 
and Nitsan (9). The final ammonium sul
fate precipitate was dissolved in 0.1 m  (pH 
7.6) Tris buffer (Tris(hydroxymethyl)amino 
methane) for trypsin inhibitor assay. The 
trypsin inhibitor activity of the extracts 
was compared with that produced by

known amounts of purified soybean tryp
sin inhibitor (SBTI) as described previ
ously (5). Whey extracts of the diets and 
abomasal contents were assayed for pro
tein by the semimicro-Kjeldahl method 
(N X 6.25).

RESULTS

The soy-50 diet produced varying de
grees of diarrhea in calves at all times, 
and the all-milk diet resulted in periodic 
diarrhea. Little or no scouring was evident 
in calves reared with whole milk or the 
soy-71 diet. There was no curd formation 
in abomasal contents from calves fed the 
3 milk replacer diets and killed 1 to 1.5 
hours after feeding. Abomasal contents 
from calves fed whole milk were almost 
completely coagulated. Digesta from the 
abomasum (table 3) and small intestine 
of calves fed whole milk had lower pH 
values than those from calves fed the 
other diets. Upper intestinal contents from 
calves fed whole milk, all-milk and soy-50 
were 1.1, 0.4 and 0.7 pH units higher, re
spectively, than values for abomasal con
tents from calves fed these diets. Digesta 
from these 2 sections of calves fed soy-71 
had the same pH (6.2). Contents of the 
lower intestine were always above pH 7. 
Age of calves had no effect on pH of 
digesta in the abomasum or small intes
tine. Calves fed the soy-50 diet lost body 
weight for the duration of the trial (table 
3) and three died while on this regimen. 
The all-milk diet sustained relatively low 
weight gains (0.08 kg/day) compared 
with whole milk and soy-71.

Calves fed soy-71 had smaller pan
creases than those fed the other diets (P < 
0.005, table 3). Pancreases from calves 
fed soy-50 or soy-71 contained less total 
trypsin and chymotrypsin activity than 
those from calves fed whole milk (P < 
0.01). Total activity of these enzymes per 
unit body weight increased with feeding 
duration for calves fed the milk protein 
diets, with an opposite trend for calves 
fed soy-50. Dietary treatment had no ef
fect on pancreatic ratios of chymotrypsin- 
to-trypsin. The value of 0.2 approximated 
that noted in pancreatic juice collected 
from calves (5). Growth rate of calves 
fed for 3 or 5 to 6 weeks was not related 
to the total trypsin (r = — 0.20) and chy-
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motrypsin (r = — 0.19) content of the pan
creases.

Concentrations and in vitro stabilities of 
proteolytic enzymes in intestinal contents 
had large animal variations, tending to 
mask dietary effects. Four calves were 
killed during moderate or severe attacks of 
diarrhea. Intestinal contents from these 
animals contained very low trypsin and 
chymotrypsin activities and these data 
were eliminated from all analyses pre
sented. Total trypsin and chymotrypsin 
activities of intestinal contents from calves 
fed soy-50 were lower than those from 
calves fed whole milk or the all-milk diet 
(table 4). Intestinal contents from calves 
fed soy-50 contained interfering sub- 
stance(s) which produced an apparent 
esterase activity (7), the cause of which 
was unknown at that time. Enzyme activ
ities were corrected for the small amount of 
interfering substance(s) in digesta from 
calves fed soy-71. Intestinal contents from 
calves fed whole milk and the all-milk diet, 
except from calves killed after 1 week of 
feeding, had little or none of this inter
ference (7). For these reasons, the actual 
trypsin and chymotrypsin activities of in
testinal contents from calves fed soy-50 
would be less than the values shown in 
table 4. Correlation coefficients between 
growth rate of calves during 3 or 5 to 6 
weeks of feeding and the total trypsin or 
chymotrypsin activities of intestinal con
tents were 0.25 and — 0.18, respectively.

Intestinal contents resulting from the 
soy-71 or all-milk diets retained about 80% 
of the original trypsin activity during a 2- 
hour incubation, whereas contents arising 
from soy-50 retained only 64% (table 4). 
Only 24% of the original chymotrypsin 
activity of intestinal contents from calves 
fed soy-50 was present after incubation, 
whereas an average of 43 and 59% of this 
activity was retained in intestinal contents 
from calves fed milk protein and soy-71 
diets, respectively. An interaction between 
diets and intestinal sections was found for 
the stability of these enzymes in incubated 
digesta (table 5). Contents from the up
per or middle sections tended to retain 
more of the original trypsin and chymo- 
trypsin activity than that from the lower 
section when the all-milk and soy-71 diets 
were the source of nutrients. In contrast,
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TABLE 4
T r y p s in  a n d  C h y m o try p s in  a c tiv it ie s ,  a n d  p r o te in  c o n c e n tr a tio n  b e fo re  a n d  a f te r  in c u b a tio n  

o f  in te s t in a l  c o n te n ts  f r o m  c a lv e s  f e d  4  d ie ts  1

Criteria Whole
milk

Diet
All

m ilk Soy-50 Soy-71
P value

T rypsin  1
T ota l activ ity , u n its  3 3732* 2994 *•» 1764 b 2160 *>b <  0.05
In  v itro  s tab ility  4 0.73 *-b 0.82* 0.64 b 0.78 “ <  0.025

C hym otrypsin
T o ta l activ ity , u n its  5 1038 * 849 *•>> 288 ° 612 b-* <  0.0005
In  v itro  s tab ility 0.40* 0.45 * 0.24 b 0.59 • <  0.0005

R atio
C hym otrypsin-to-trypsin  :

N o n in cu b ated  con ten ts 0.34 0.45 0.26 0.33 <  0.005In cu b a ted  con ten ts 0.17 0.28 0.08 0.27

P ro te in
B efore in cu b a tio n , m g /m l 16.1 12.3 14.8 16.4 n s 6
In  v itro  d igestion , m g /m l 6.08 * 3.32» 1.08 0 3.51 b <  0.0005
T otal d igestion , g /2  h r 3.29 * 2.41 * 0.46» 2 .4 6 “ <  0.005

E nzym ic efficiency of p ro te in  digestion
T rypsin , m g d ig es te d /u n it 1.42* 1.29 * 0.48 b 1 .7 5 “ <  0.005
C hym otrypsin , m g d ig e s te d /u n it 3.96 *<“ 3.31 *-b 2 .0 2 b 5.61 c <  0.01

1 Data represent average values from calves killed after 1, 3 or 5 to 6 weeks of feeding and digesta 
from entire small intestine.

« Means with same superscript are not significantly different at P <  0.05 using Duncan’s multiple 
range test (10).3 One unit equals hydrolysis of 1 /¿mole TAME/minute.4 Ratio of enzyme activity of incubated-to-nonmcubated intestinal contents.5 One unit equals hydrolysis of 1 /¿mole BTEE (26% methanol v /v  in reaction mixture)/minute.6 No difference between treatment means, P <  0.05.

TABLE 5
P rotein c o n ten t a n d  in  v itro  d igestion , a n d  tryp sin  a n d  ch ym o tryp sin  activ ities before and  

a fte r  in cu b a tio n  o f digesta  fro m  th e  upper, m id d le  a n d  low er sections o f th e  sm all 
in te s tin e  fro m  calves fe d  4 diets

Interaction
Protein In vitro enzyme stability 2

Nonincubated
cone

In vitro 
digestion 1 Trypsin Chymo

trypsin

mg/ml mg/ml
D iet X intestinal section

W hole m ilk — upper 22.7 7.80 0.68 0.36
— m iddle 19.6 7.75 0.82 0.42
— lower 6.1 2.69 0.70 0.41

All-milk — upper 8.6 2.64 0.83 0.54
— m iddle 15.5 5.65 0.89 0.53
—  lower 12.7 1.69 0.74 0.28

Soy-50 — upper 11.9 0.35 0.48 0.05
— m iddle 20.8 1.54 0.67 0.00
— lower 11.7 1.33 0.77 0.66

Soy-71 — upper 17.6 3.66 0.91 0.65
— m iddle 22.6 4.42 0.62 0.65
—  lower 9.0 2.43 0.81 0.48

P value <  0.025 <  0.05 <  0.025 <  0.0005

l Protein digested during a 2-hour incubation of intestinal contents at 37“. 
«Ratio of enzyme activity of incubated-to-nonincubated intestinal contents.
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retention of enzyme activities was greater 
in the contents of the lower than in upper 
or middle intestine from calves fed soy- 
50. Little or no chymotrypsin activity was 
retained in incubated contents of the up
per and middle intestine from calves fed 
soy-50. Ratios of chymotrypsin-to-trypsin 
activities were lower, and proportionately 
more chymotrypsin activity was destroyed 
during incubation of intestinal contents 
from calves fed soy-50 than in digesta 
from calves fed the other diets (table 4).

Protein concentration of intestinal con
tents was not altered appreciably by diet 
(table 4), but an interaction occurred be
tween diets and intestinal sections (table
5). Contents of the lower intestine from 
calves fed whole milk or soy-71 contained 
50% or less protein than contents from 
the upper and middle sections. The pro
tein concentrations of lower intestine con
tents from calves fed the all-milk or soy- 
50 diets were equal to or greater than those 
in upper intestine contents.

Digestion of protein (mg/ml) during 
incubation of intestinal contents from 
calves fed whole milk was nearly 2 times 
greater than that from calves fed the all
milk or soy-71 diets, and 6 times greater 
than that from calves fed soy-50 (table 4). 
Total in vitro protein digestion in contents 
from the entire small intestine, however, 
ranged from 2.4 to 3.3 g/2 hours from 
calves fed the 2 milk protein and soy-71 
diets, and only 0.46 g/2 hours from calves 
receiving soy-50. Differences due to diets 
were not altered appreciably by correcting 
for the final body weights of the calves. 
Approximately 38, 30, 25 and 8% of the 
protein present in intestinal contents from 
calves fed whole milk, all-milk, soy-71 
and soy-50 diets, respectively, was digested 
during the 2-hour incubation. In vitro 
protein digestion was less in lower than 
that in upper and middle intestine contents 
when whole milk, all-milk or soy-71 were 
the source of nutrients (table 5). But pro
tein digestion in lower intestine contents 
from calves fed soy-50 was 4 times greater 
than that in upper intestinal contents. 
Protein digestion was positively correlated 
with protein concentration of intestinal 
contents before incubation (r = 0.43, P < 
0.001). But statistical adjustment by 
covariance analysis (10) for protein con

centration did not alter the magnitude of 
dietary differences in protein digestion. 
Body weight changes during 3 or 5 to 6 
weeks of feeding were related to total in 
vitro protein digestion (r = 0.47, P < 0.05).

Protein digested in vitro per unit of 
tryptic activity (efficiency of protein diges
tion) was nearly equal for intestinal con
tents from calves fed milk protein and soy- 
71 diets, but was markedly reduced (P < 
0.005) in intestinal contents from calves 
fed soy-50 (table 4). Intestinal contents 
from calves receiving soy-71 had the great
est protein digested per unit of chymotryp
sin activity (5.6 mg) and contents from 
calves fed soy-50 had the least (2.0 mg). 
Protein digestion per unit of the combined 
trypsin and chymotrypsin activities of in
testinal contents from calves fed whole 
milk, all-milk, soy-71 and soy-50 diets 
was 1.10, 0.80, 1.28 and 0.41 mg, respec
tively. Protein digestion per unit of en
zyme activity was less in digesta from the 
lower than that from the upper small in
testine when calves were fed whole milk, 
all-milk and soy-71 diets, but not in digesta 
from calves fed soy-50.

The soy-50 diet contained an equivalent 
of 6.17 mg soybean trypsin inhibitor 
(SBTI)/g of air-dried diet (table 6). This 
was 40 times more trypsin inhibitor than 
in the all-milk or soy-71 diets. Differences 
of similar magnitude in trypsin inhibitor 
were noted in abomasal contents from 
calves fed these diets. The protein con
tent of the dietary extracts which were as
sayed for trypsin inhibitor were nearly 
equal. Competition between dietary pro
teins in the extracts and the synthetic sub
strate (TAME) for the active sites of tryp
sin, therefore, would not account for the 
high trypsin inhibitor content of the soy- 
50 diet. Fractionation of abomasal con
tents from calves fed soy-50 or soy-71 by 
the method of Alumot and Nitsan (9) 
resulted in almost the same trypsin in
hibitor values as those obtained by the 
procedure of Garlich and Nesheim (8). 
Abomasal contents from calves fed whole 
milk contained no detectable trypsin in
hibitor.

Free trypsin inhibitor was present in 
extracts of intestinal contents from calves 
fed soy-50, but the amount was less in 
lower than in upper and middle sections
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TABLE 6
T ryp s in  in h ib ito r  a c tiv ity  in  3 m ilk  su b s titu te  d iets, a n d  in  abom asal a n d  in te stin a l 

co n ten ts fro m  calves fed  these  d iets

Source of 
trypsin inhibitor

SBTI equivalent activity 1 
Soy-50 All-milk Soy-71

D iet,2 m g /g 6.17 0.15 0.14

D iet, m g /g  p ro te in  3 1.56 0.046 0.052

A bom asal co n ten ts ,2 m g /m l 0.542 0.012 0.014

Sm all in te s tin e  co n ten ts: 4
upp er, m g /m l 0.240 5 — 0
upper, m g /m g  p ro te in  6 0.033 — 0
m iddle , m g /m l 0.301 — —

m iddle , m g /m g  p ro te in 0.032 — —

low er, m g /m l 0.129 — —

low er, m g /m g  p ro te in 0.019 — —
1 Level of soybean trypsin  inh ib ito r (SB TI) com pared w ith  inh ib itio n  by purified SBTI.
2 F rac tionated  according to G arlich  and  N esheim  ( 8 ).
3 K jeldah l N  x 6.25 in  ex trac t assayed fo r SBTI.
4 F rac tionated  according to  A lum ot an d  N itsa n  (9 ) .
5 Average of contents from  7 calves.
6 K jeldah l N  x 6.25 in  in te s tin a l contents.

(table 6). A correlation coefficient of 
— 0.28 (P > 0.05) was found between free 
trypsin inhibitor and in vitro digestion in 
intestinal contents from calves fed soy-50. 
The procedure of Alumot and Nitsan (9) 
does not give the amount of trypsin in
hibitor combined with trypsin in the in
testinal contents. The latter may be more 
closely related to inhibition of proteolysis 
than the level of free trypsin inhibitor.

DISCUSSION

The prevalence of diarrhea in calves fed 
soy-50 and to a lesser extent the all-milk 
diet may be associated with the relatively 
high pH and lack of curd formation in 
abomasal contents from these calves, com
pared with those from calves fed whole 
milk. Shoptaw et al. (11) suggested that 
the diarrhea produced in calves fed a soy
bean flour diet was due to lack of curd 
formation and rapid passage of the liquid 
contents into the duodenum. The pH of 
upper intestine contents from calves fed 
whole milk and killed 1 to 1.5 hours post
prandial (pH 5.8) was in the same range 
as that reported in digesta obtained from 
calves fitted with re-entrant duodenal can
nulas (6). The greater total trypsin and 
chymotrypsin activities of intestinal con
tents from calves fed whole milk com
pared with those from calves fed the 
other diets might be explained, in part, by 
the lower pH of abomasal and upper in

testine contents, supporting results with 
sheep (12).

Calves fed a diet containing 86% of 
the protein from a soybean concentrate 
high in protein and low in soybean trypsin 
inhibitor (soy-71) grew at rates comparable 
to those fed whole milk, confirming previ
ous trials with isolated soybean proteins
(13). The failure of calves to grow in 
this and other trials (1, 4) with diets con
taining 50% crude protein soybean flour 
may be related either to the higher levels 
of carbohydrate or trypsin inhibitor, or 
both. However, the soybean flour used in 
the soy-50 diet may not be representative 
of other soybean flours with respect to 
trypsin inhibitor content. The soy-50 diet 
contained nearly the same estimated levels 
of the most limiting amino acids in soy
bean protein, particularly methionine (14), 
as those in the all-milk diet (5). Lower 
trypsin and chymotrypsin activities in the 
pancreases and intestinal contents from 
calves fed soy-50 compared with those 
from calves fed the other diets confirmed 
the marked reduction in secretion of these 
enzymes in pancreatic juice collected from 
calves fed this same soybean diet (5). 
However, unknown amounts of trypsin 
and chymotrypsin would be combined with 
the SBTI in intestinal contents from calves 
fed soy-50.

In vitro digestion of intestinal protein 
was closely related to calf performance
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with the various diets. However, the pro
portion of dietary protein intake that was 
digested by incubating intestinal contents 
ranged from only 5% for calves fed soy- 
50 to 20 to 30% for calves fed the other 
diets. These values axe low compared 
with 75 to 85% protein digestion in di
gestibility trials (13). Protein digestion 
may occur in other parts of the digestive 
tract besides the small intestine. Limiting 
substrate was indicated since rate of pro
tein digestion was positively related to 
protein concentration of intestinal con
tents. Also, in vitro incubation of intes
tinal contents may not adequately simu
late conditions in vivo. The high level of 
SBTI in the soy-50 diet provides a logical 
explanation for the limited in vitro pro
teolysis in intestinal contents from calves 
fed this diet. Alumot and Nitsan (9) re
ported a negative correlation between pro
teolysis and antitrypsin level of chick in
testinal contents. Reduced in vitro stability 
of trypsin and chymotrypsin activity and 
protein digested per unit of enzyme ac
tivity in contents from calves fed soy-50 
compared with those from calves fed the 
other diets may also be associated with 
SBTI activity. The following evidence sug
gests that the SBTI in the soy-50 diet might 
be destroyed or inactivated as digesta 
traversed the small intestine of the calf: 
1) greater in vitro protein digestion and 
less destruction of trypsin and chymotryp
sin activity occurred during incubation of 
contents from the lower compared with 
that from the upper small intestine (op
posite to results with calves fed the other 
3 diets), and 2) contents from the lower 
intestine contained less free trypsin in
hibitor than contents from the upper and 
middle sections.

One or more of the following mecha
nisms may be responsible for the poor 
growth and hyposecreticn of pancreatic 
enzymes by calves reared with the soy-50 
diet: 1) rapid passage of chyme through 
the upper small intestine due to constant 
diarrhea, 2) limited proteolysis due to the 
presence of SBTI activity, and 3) deficien
cies of essential amino acids for protein 
and enzyme synthesis. Intestinal contents 
from calves suffering diarrhea, when killed 
irrespective of diet, contained very low

levels of proteolytic enzymes. Under these 
conditions the release of secretin and pan
creozymin which trigger the secretion of 
exocrine fluid and digestive enzymes from 
the pancreas (15) might be limited. This 
would also prevent loss of endogenous pro
tein secretions in the feces. An adequate 
duodenal stimulus for the release of pan
creozymin may require the release of suf
ficient quantities of certain stimulatory 
amino acid residues from the dietary pro
tein (16). Limited proteolysis in digesta 
from the upper small intestine of calves 
fed soy-50 could therefore fail to trigger 
the release of pancreozymin in sufficient 
quantities. Finally, inhibition of intestinal 
protolysis would limit the supply of amino 
acids for synthesis of digestive enzymes 
as well as all other body proteins.

The specific effects of purified soybean 
trypsin (or growth) inhibitors on biochem
ical changes in calf pancreases and intes
tinal proteolysis have not been studied. 
If SBTI was of major importance in pro
ducing the results obtained in calves fed 
soy-50, it failed to evoke pancreatic hy- 
petrophy and hypersecretion of digestive 
enzymes, which it does in rats and chicks 
(8, 17). Intestinal proteolysis in rats was 
not inhibited by SBTI (18), whereas prac
tically no intestinal proteolysis occurred 
during the first 4 hours after feeding 
chicks raw soybeans (9). The response of 
swine pancreases to raw soybeans has also 
been reported to differ from that commonly 
observed in rats and chicks (19) 5 and 
tends to corroborate the resutls with calves. 
Further research is essential to elucidate 
the specific effects of trypsin inhibitors 
and other growth factors in raw soybeans 
on young calves.
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Choline Biosynthesis and Choline Requirement in the 
Rat as Affected by Coprophagy * 1
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A B ST R A C T  A study  w as m ade  of the  in fluence of several d ie ta ry  a n d  env iro n 
m en ta l fac to rs  on  th e  d ie ta ry  cho line  req u irem en t o f young ra ts . U nder conditions of 
re la tive ly  low  choline  req u irem en t w h ich  involve th e  absence of su p p lem en tary  cystine  
an d  cholestero l a n d  m odera te ly  low  levels o f f a t  an d  p ro te in  in  th e  d iet, p reven tion  
of coprophagy  an d  possib ly  to som e e x ten t th e  in c lu sio n  of p e n ic illin  in  th e  d iet de
creased  th e  r a t ’s req u irem en t fo r choline. C oprophagy p rev en tio n  com plete ly  pro tected  
fro m  th e  h ig h  m o rta lity  re la ted  to k idney  degeneration , an d  liver f a t  levels rem a in ed  
n o rm al fo r th e  first 4 w eeks postw eaning . M ethyl-labeled m eth io n in e  trac e r stud ies 
show ed th a t  tran sm e th y la tio n  to fo rm  liver cho line  w as h ig h  in  ra ts  2 w eeks p o st
w ean in g  an d  declined to a  low er level w h ich  reach ed  a  p la te au  a t 6 to 8 w eeks post
w ean ing . C holine deficiency low ered th e  early  tran sm e th y la tio n  ra te , b u t th e  la te r  
p la te au  level w as th e  sam e as fo r n o rm al choline-fed  an im als . C oprophagy preven
tion  ra ised  the  early  tran sm e th y la tio n  ra te  a n d  choline  b iosynthesis in  the  choline- 
deficient an im a ls  so th a t  i t  equaled  th e  n o rm al ra te . I t  is proposed th a t  p reven tion  
of coprophagy p ro tec ts th e  young r a t  fro m  choline  deficiency by in c reas in g  choline 
b iosynthesis. T h is effect is dem onstrab le  only in  th e  r a t  d u rin g  th e  first 4 weeks post
w ean in g  w h en  th e  cho line  req u irem en t is e levated  an d  i t  is also observable only w ith  
d ie ta ry  cond itions th a t  provide fo r a  m in im a l cho line  req u irem en t.

During the course of a study of the in
fluence of soybean trypsin inhibitor upon 
the metabolism of methionine-2-14C as re
flected by the production of 14C02 (1) it 
was observed that preventing coprophagy 
invariably increased I4C02 output.2 Since 
14C02 formation from methionine-2-14C rep
resents a stage of metabolism which would 
be expected to follow the initial activa
tion and transmethylation of the methio
nine, it was possible that choline biosyn
thesis was increased along with the 
increased oxidation of the carbon chain of 
methionine when coprophagy was pre
vented. This is a report of the initial stud
ies in which this hypothesis was explored.

EXPERIM ENTAL

Male albino weanling rats (Holtzman) 
were used in all of these studies. The basic 
composition of the test diets is shown in 
table 1. Dietary choline, provided as cho
line dihydrogen citrate, was fed at zero, 
0.075 or 0.3% of the diet. Liver fat was 
measured in fresh liver by chloroform 
Soxhlet extraction of Na2SO.> dehydrated 
liver followed by evaporation and weighing 
the extract. Coprophagy was prevented by 
the method of Barnes et al. (2). When 
DL-methionine-2-14C was used it was ad

ministered by intraperitoneal injection and 
the rats were maintained in all-glass meta
bolism units for the collection of C02. 
These procedures have been described 
previously including a tabulation of the 
composition of the soybean diets used in 
the present study (1). Methyl-14C-labeled 
L-methionine was injected into the portal 
vein of ether-anesthetized rats and 15 min
utes later the liver was excised and ho
mogenized. Phospholipid was extracted 
and hydrolyzed and the free choline was 
determined quantitatively by precipitation 
as the Reinecke salt and then dissolved in 
acetone and assayed colorimetrically. Ra
dioactivity was determined in a Packard 
liquid-scintillation counter.

RESULTS

Time curves of 14C02 production follow
ing intraperitoneal injection of DL-methio- 
nine-2-14C are shown in figure 1. The 
methionine was given as a tracer dose of 
10 uCi/100 g body weight. The rats had

Received fo r p u b lica tion  Ja n u a ry  23, 1967.
1 This research  w as supported  in  p a r t by fu n d s p ro

vided th rough  the  State U niversity  of N ew  York and  
from  a resea rch  g ran t from  the  N atio n a l Science 
Foundation .

2 Kwong, E., an d  R. H. B arnes 1965 The effect 
of p reven ting  coprophagy in  the  r a t  upon choline 
biosynthesis. Federation  Proc., 2 4 (2 ) :  169 (a b s tra c t) .
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TABLE 1
C om position  o f cho line-defic ien t diets

Casein Soybean 
diet diet

9 9
M ajor com ponents

C asein  1 10 —

R aw  soybeans 2 — 20
Glucose m o nohydrate  3 68 58
H ydrogenated  vegetable oil 4 15 15
Salts 5 4 4
B -vitam ins in  sucrose 2 2
Fat-soluble v itam in s  in  co rn  oil 1 1

T otal 100 100

B -vitam ins in  2.0 g sucrose
mg

T h iam in e  HC1 0.40
R iboflavin 0.80
Pyridoxine-H C l 0.40
Ca p a n to th e n a te 4.00
N iacin 4.00
Inosito l 20.00
B iotin 0.02
Folic acid 0.20
V itam in  B i2 0.003
M enadione 1.00

Fat-soluble v itam in s in 1.0 g co m  oil
mg

V itam in  A ace ta te 0.31
V itam in  D (ca lc ife ro l) 0.0045
a-Tocopherol 5.00

1 D iets con ta in ing  e ith e r  10% or 15% casein  were 
used, the  5% difference being corrected fo r by am ount 
o f glucose added; V itam in-Test Casein, G eneral Bio
chem icals, C hagrin  Falls, Ohio.

2 R aw  w hole ground soybeans, C larke variety.
3 Cerelose, Corn Products C om pany, Argo, Illinois.
4 P rim ex, P roc ter and  G am ble Com pany, C incinnati.
5 H ubbell, R. B., L. B. M endel and  A. J. W akem an 

1937 A new  sa lt m ix tu re  fo r use in  experim ental 
diets. J. N utr., 14: 273.

been fed a purified, 15% casein diet for 
2 weeks following weaning (21 days of 
age). Sixteen hours prior to the tracer 
study food was removed and, when used, 
crystalline soybean trypsin inhibitor was 
given by stomach tube in a dose of 50 mg 
one hour before administration of the la
beled methionine. Three rats were used 
for each treatment and immediately fol
lowing the labeled methionine injection 
they were placed in all-glass metabolism 
units for C02 collection. The curves show 
a definite increase in C02 when coprophagy 
was prevented in the rats receiving the 
control casein-containing diet. It is also 
evident that trypsin inhibitor increased 
' ‘C02 output when used in conjunction 
with a casein diet in the same manner 
that has been previously described in 
which soybean diets were used (1). Cop

rophagy prevention resulted in a further 
increase in “CO- production.

A series of other dietary conditions was 
studied along with a replicate study of 
the control casein-containing diet (table
2). Coprophagy prevention increased 14C02 
output in rats receiving a raw (unheated) 
soybean diet alone or supplemented with 
penicillin or methionine. The only condi
tion shown in this table in which a ques
tionable increase in “C02 followed the 
prevention of coprophagy is with cystine 
supplementation. All other groups show 
a typical 14C02 increase that is associated 
with coprophagy prevention.

Since most experience had been obtained 
with unheated soybean-containing diets, 
a liver fat study was set up in which 
weanling rats were fed semipurified diets 
with 10% protein from raw, ground soy
beans without choline added. Supple
ments of choline, methionine, penicillin, 
and cystine were added and the experi
mental diets were fed for 4 weeks. The 
effect of these diets upon liver fat and the 
influence of preventing coprophagy are 
shown in table 3. In the conventional rats 
choline, methionine, and penicillin were 
effective in maintaining lower liver fat 
levels when the choline-deficient diet was 
fed. Prevention of coprophagy resulted in 
low liver fat without any lipotropic sup
plement. Coprophagy prevention had no 
effect upon the accumulation of liver fat 
when cystine was added to the diet. This 
observation was particularly interesting in 
view of the fact that the one dietary con
dition in which a questionable rise in “C02 
from methionine-2-14C resulted from cop
rophagy prevention was when a cystine 
supplement was fed.

With the encouraging results from the 
soybean-containing diets, a more highly 
purified diet was indicated and therefore 
a vitamin-test casein at a level of 10% in 
a purified diet without choline was tried. 
The results are shown in table 4. The high 
mortality of the conventional rats within 
2 weeks postweaning confirms the extreme 
sensitivity to hemorrhagic kidneys in cho
line deficiency that has long been known 
from the work of Griffith and Wade (3). 
The high mortality which, of course, was 
due to the extremely low choline content 
of the casein diet, (as contrasted with the



226 RICHARD H. BARNES AND EVA KWONG

Fig. 1 In fluence  of p rev en tin g  coprophagy  w ith  feca l cups (F . c u p s) upo n  14CC>2 o u tp u t 
fo llow ing in tra p e rito n ea l in jec tio n  of DL-methionine-2-14C in  ra ts  e ith e r w ith  or w ith o u t the  
p rio r ad m in is tra tio n  of soybean try p sin  in h ib ito r  (T I )  by  stom ach  tube.

TABLE 2

E ffe c t o f p reven ting  coprophagy on  14C recovery in  exp ired  C 0 2 fo llow ing  th e  in traperitonea l 
a d m in istra tio n  o f  d l -m ethionine-2-14C in  rats

Diet plus
14C recovery, % of administered 

activity in  6 hours
supplements Coprophagy

permitted
Coprophagy
prevented

% %
50% ra w  soy 1 16.4 20.0

50%  ra w  soy +  p en ic illin  2 15.7 26.4

50%  ra w  soy +  cystine  3 16.8 18.3

50%  ra w  soy+ m eth io n in e  4 17.9 23.8

15% casein 12.8 15.2

15% case in  +  try p sin  in h ib ito r  5 16.8 20.8
1 Uncooked full fa t soy chips.
2 Procaine penicillin, 0.1% in  diet.
3 L-Cystine, 0.3% in  diet.
4 DL-Methionine, 0.3% in  diet.
5 Kunitz type.
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TABLE 3
E ffe c t o f  p reven tin g  coprophagy upon  liver fa t  in  

rats fe d  a low  pro te in  (10%  fro m  raw  
soybeans), low choline d iet

Diet
supplement

Liver fat
Coprophagy

permitted
Coprophagy
prevented

None
0.3%  choline  
0.1%  DL-methionine 
0.05%  p en ic illin  
0.3%  cystine

%
10.6 ± 0 .9 1  1 

4.0 ± 0 .5 7
3.4 ± 0 .7 6
6.5 ± 1 .0 8  

1 1 .0 ± 0 .1 5

%
5 .2 ± 0 .8 0  
4 .5 ± 0 .1 1  
3 .3 ± 0 .1 2  
6.0 ± 0 .7 5  

13.8 ± 2 .8 0

1 Percentage of wet weight of liver ± se of mean.

TABLE 4
P reven tion  o f coprophagy a n d  m o rta lity  associated  

w ith  k id n ey  lesions o f ra ts fe d  a 10%  casein, 
choline-free d iet

Dietary
supplement

No. of rats dead/no. started
Coprophagy
permitted

Coprophagy
prevented

None
0.3%  choline

dihydrogen  c itra te  
0.3%  cystine  (exp . 1) 
0.3%  cystine  (exp . 2 )

5 /6

0 /6
4 /6
3 /1 0

0 /6

0 /6

0 /1 0

soybean diets used earlier) was completely 
abolished by the prevention of coprophagy. 
The results presented in this table have 
been confirmed many times. It is a stand
ard procedure in this laboratory to incor
porate 0.075% choline dihydrogen citrate 
in diets fed to conventional weanling rats 
for the first 2 weeks postweaning in order 
to study choline deficiency effects over 
periods longer than 2 weeks. Invariably, 
coprophagy prevention has protected wean

ling rats receiving diets completely devoid 
of choline.

Choline biosynthesis in the liver as 
measured by the specific activity of liver 
choline following the injection of methyl- 
labeled methionine into the portal vein 
was then followed. This index of biosyn
thesis was compared with liver fat level 
for rats receiving a choline-deficient diet 
alone or supplemented with either choline 
or penicillin. The results in table 5 show 
that in the conventional rats, the higher 
level of liver fat in the unsupplemented, 
choline-deficient rats was associated with 
a lower concentration of choline and a 
lower specific activity of liver choline, pre
sumably reflecting a decreased level of 
choline biosynthesis. In the rats with 
coprophagy prevented, the choline-deficient 
rats did not have increased liver fat and 
at the same time, liver choline concentra
tion and specific activity did not decrease 
as it had in the conventional rats. Pro
tection against fat increase in the liver as
sociated with increased choline biosynthe
sis was also observed in conventional rats 
given penicillin. However, a major dif
ference from the results obtained when 
coprophagy was prevented, was the con
tinuing low liver choline concentration in 
the conventional rats given penicillin.

All of the results reported above were 
obtained within the first 4 weeks after 
weaning. The influence of coprophagy 
upon liver fat was examined during the 
second 4 weeks postweaning, namely, at 
4, 6, and 8 weeks, and the results of this 
study are given in figure 2. The dietary

TABLE 5
L iver fa t  a n d  th e  syn th es is  o f cho line  in  rats fed  a low pro te in , low  choline  d i e t1

Coprophagy permitted Coprophagy prevented

Diet
supplement

Liver Liver choline Liver Liver choline

Wet
wt

Total
fa t

Total
counts

Specific
activity

Wet
wt

Total
fa t

Total
counts

Specific
activity

nig/g c-pm/g cpm /m g m g/g cpm /g cpm /m g
9 liver liver choline liver liver choline

C holine-free 5.7 10.3 0.52 2,818 5,420 4.0 4.1 1.72 24,450 14,215

C holine-free
w ith  0.1%
p en ic illin 5.2 4.1 0.80 8,602 10,753 4.7 3.1 1.40 17,112 12,223

0.3%  choline 4.9 3.3 1.60 17,061 10,633 4.2 3.1 1.90 18,175 9,566

1 Methyl-labeled m ethionine injected into the portal vein and the liver removed for choline and fa t isolation 
15 m inutes later. Three to 4 rats/group.
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Control  Choline free

Fig. 2  In fluence  of p rev en tin g  coprophagy upon  liver f a t  of ra ts  d u rin g  th e  fo u rth  to 
e ig h th  w eek p o stw ean in g  w hile  receiv ing  choline-deficient diets.

conditions used for the choline-deficient 
rats involved the feeding of 0.075% cho
line dihydrogen citrate for the first 2 weeks 
followed by complete removal of choline 
from the diet, 15% fat in the form of hy
drogenated vegetable oil, 10% vitamin- 
test casein and the absence of any agent 
known to increase choline requirements, 
such as cystine or cholesterol. Under these 
conditions the liver fat was elevated, but 
not excessively, at 4 weeks postweaning 
and returned to lower levels, presumably 
normal, by 8 weeks. With coprophagy 
prevented, liver fat levels were low at 4 
weeks and increased over the next 4 weeks 
so that at 8 weeks postweaning, copro
phagy prevention no longer appeared to 
have any liver fat lowering effect.

The same rats that were used to obtain 
the liver fat values at 4, 6, and 8 weeks, 
were administered a tracer dose of I4CH3- 
labeled methionine via the portal vein 15 
minutes before killing. Liver choline spe
cific activity was determined as described 
previously and correlated with liver fat 
values. A scatter graph showing the re

lationship between these 2 values at 4 
weeks postweaning is illustrated in figure
3. The high correlation shown here dis
appeared completely at the 6- and 8-week 
postweaning periods. One rat was given 
an exceptionally high dosage of choline, 
1.5% in the diet, and as might have been 
expected, liver choline specific activity was 
much lower than would be predicted from 
the regression line. Presumably this low 
value could be due to a suppression of 
choline synthesis or to a dilution effect due 
to the excess cold choline that was admin
istered. The group receiving the high level 
of dietary choline was not included in the 
calculation of the coefficient of correla
tion which is shown to be — 0.90. This 
high choline intake resulted in abnormally 
low choline specific activity, probably 
either by a feed-back mechanism or simply 
by diluting the liver choline with a large 
amount of cold choline. Although the cor
relation between liver fat and liver choline 
biosynthesis was inversely high at 4 weeks 
postweaning, at 6 and 8 weeks this rela
tionship disappeared.
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Fig. 3 C orrela tion  of liver f a t  a n d  th e  specific activ ity  of liver cho line  fo llow ing  th e  
ad m in is tra tio n  of m ethy l-labeled  m eth io n in e .

Since it was apparent that age was a 
critical factor in determining the effect 
of choline deficiency upon liver fat, the 
rate of fiver choline biosynthesis was stud
ied in rats of different ages. The same 
procedures that have been described were 
used and values from either 2 or 3 rats 
were averaged for the points shown in fig
ure 4. There was an initial high level of 
choline specific activity which decreased 
over the subsequent 6 weeks. In the con
ventional rats, feeding a choline-deficient 
diet lowered the rate of fiver choline bio
synthesis below that of the control at 2 
weeks postweaning, although by the sixth 
week the values for the control and cho
line-deficient animals were the same. The 
prevention of coprophagy did not appear 
to alter the choline specific activity values 
for the control animals; the primary effect

was to maintain choline specific activities 
elevated despite the dietary deficiency of 
choline.

Liver choline concentrations were meas
ured and found to be lower in the conven
tional rats that were fed a choline-deficient 
diet (table 6). However, this appeared to 
hold only for the 2- and 4-week postwean
ing periods. At 6 and 8 weeks, the liver cho
line levels were normal. Prevention of 
croprophagy had some effect in maintain
ing higher levels of fiver choline during 
the first 4 weeks postweaning, but the re
sults are perhaps not as clear-cut as shown 
in table 5. If the total choline counts are 
compared for conventional and copro- 
phagy-prevented rats during the first 4 
weeks postweaning, it becomes evident 
that there was an increased net synthesis 
of choline in the coprophagy-prevented
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o -------- o  Control • -------- • Choline deficient

Conventional Coprophagy prevented

W E E K S -P O S T  WEANING
Fig. 4  L iver cho line  specific activ ity  fo llow ing th e  ad m in is tra tio n  of m ethyl-labeled  

m eth io n in e  in  ra ts  a t  d ifferen t ages an d  th e  effects of p rev en tin g  coprophagy.

TABLE 6

L iver fa t  a n d  syn th es is  o f cho line  as a ffec ted  by d ietary  cho line , -prevention o f coprohpagy, and  age

C oprophagy perm itted Coprophagy prevented

C holine
status

W eeks
post

w ea n in g
Liver C holine Liver C holine

W et
w t

T otal
fa t

T otal
counts

W et
w t

T otal
fa t

T otal
counts

9 % m g / g
l iver

c p m / g 
l iver 9 % m g / g

l iver
c p m / g 
l iver

C h o lin e -d e fic ie n t 2 4 .5 13 .1 1 .5 3 2 ,6 3 1 4 .4 1 .9 5 3 ,5 7 7
4 4 .1 1 0 .8 1 .2 1 7 ,3 9 8 3 .4 4 .9 2 .4 4 4 ,9 8 9
6 5 .1 10.1 2 .7 3 4 ,9 9 5 4 .7 9 .5 2 .6 3 2 ,7 0 4
8 5 .4 7 .8 1.8 2 1 ,8 4 7 5 .5 9 .3 1 .7 2 6 ,6 1 9

0 .3%  c h o lin e 2 3 .5 4 .8 2 .4 7 1 ,1 0 3 3 .2 5 .4 2 .8 7 9 ,7 3 6
4 4 .3 3 .9 2 .4 5 5 ,5 8 7 3 .8 4 .1 2 .8 5 2 ,5 1 1
6 4 .7 5 .9 2 .4 2 9 ,7 1 7 4 .8 5 .9 2 .3 2 8 ,7 8 5
8 6 .2 7 .4 2 .1 2 2 ,9 2 8 5 .8 7 .8 1.8 2 6 ,1 6 2

group. When a normal choline intake was 
provided, preventing coprophagy had no 
effect upon either choline concentration or 
total choline counts. This is convincing 
evidence that coprophagy prevention had 
no effect upon net choline synthesis and 
the specific activity comparisons in figure 
4 show that there was no effect upon 
methyl transfer to choline under these 
dietary conidtions.

DISCUSSION
Under the dietary conditions used in 

these studies, the rat’s dietary choline re
quirement was highest during the first 2 
to 4 weeks after weaning. With the stated 
dietary condition the rat can synthesize 
sufficient choline to meet its needs when 
it is 8 weeks postweaning. This is in ac
cordance with the conclusion drawn many 
years ago by Griffith and Wade (3). It
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has been observed in this laboratory, in 
confirmation of reports of others, that if 
the dietary fat level is increased or if cys
tine is incorporated in the choline-free 
diet, fatty livers will persist to 8 weeks 
and beyond. The dietary requirement for 
choline must depend to a major degree 
upon the balance between the tissue needs 
for choline and the extent of choline bio
synthesis by the tissues. In the present 
study it has been shown that the rate of 
liver choline biosynthesis as reflected by 
its concentration, total activity and spe
cific activity following methyl-labeled 
methionine administration is high in 
the weanling rat and decreases to a 
minimal plateau level approximately 6 
weeks postweaning. In view of this de
creasing biosynthetic activity accompany
ing a decreased dietary requirement, it is 
concluded that the tissue need for choline 
must also be decreasing during the first 2 
months of life.

The fact that an absorbable antibiotic, 
penicillin, tended to prevent fatty livers in 
the present study confirms the results of 
Baxter and Campbell (4) using aureomycin, 
but is contrary to the negative report of Sal
mon and Newbeme (5). In the latter stud
ies, antibiotics did decrease the incidence 
or severity of hepatic cirrhosis over a 630- 
day test period but did not decrease liver 
fat or prevent hemorrhagic kidneys in 
young, choline-deficient rats. These dif
ferences in the effectiveness of antibiotics 
are possibly explained by the severity of 
the choline deficiency that has been pro
duced in the different laboratories. In the 
present study a relatively mild choline de
ficiency was used. In all probability the 
protective effect of penicillin would not 
have been detected if cystine or cholesterol 
had been included in the diet or if a higher 
fat consumption had been used or if a 
protein severely deficient in methionine 
had been substituted for casein. The liver 
fat results given in tables 2 and 3 show 
that with cystine added to the diet, copro- 
phagy prevention had little or no effect in 
lowering liver fat levels. This confirms ob
servations made in an accompanying re
port (6). The one measurement of pro
tection from kidney degeneration death 
(table 4) shows a positive effect of co- 
prophagy prevention in the presence of a

dietary cystine supplement. The possibil
ity of an effect of coprophagy prevention 
on kidney degeneration that differs from 
its protection from fatty liver should be 
examined in more detail. Conditions that 
will increase the dietary requirement for 
choline would very likely mask a relatively 
weak choline-sparing agent such as peni
cillin. The choline-sparing effect of peni
cillin was accompanied by an increased 
liver biosynthesis of choline, although this 
did not appear to be as great as with cop
rophagy prevented. At this time no at
tempt will be made to explain how an 
antibiotic can affect liver biosynthesis. 
However, assuming that the effect was due 
to the antibacterial properties of penicillin, 
it appears likely that whatever the mecha
nism, the effect must have been elicited 
in the small intestine since penicillin given 
by mouth disappears before it completes 
its transit of the small intestine.

The protective effect of coprophagy pre
vention on choline deficiency in the very 
young rat is believed to have been medi
ated through an increased choline biosyn
thetic rate. The mechanism for this is as 
obscure as in the case of protection by 
penicillin, but it is proposed that the 2 
effects may have similar explanations. 
Prevention of coprophagy is known to alter 
the intestinal microflora (7). This is be
lieved to be brought about by blocking 
much of the microbial reinoculation of the 
gut that results from the ingestion of 
fresh feces and in a manner the end re
sult of this might be similar to the reduc
tion of upper intestinal tract microflora 
by penicillin.

Chahl and Kratzing (8) have studied 
the effect of environmental temperature 
on choline requirement in the rat. At 2° 
the dietary requirement for choline was 
found to be 25 mg and at 33° it was 100 
mg/100 g food. These authors could not 
relate the higher requirement at elevated 
temperatures to decreased food intake 
alone and suggested that changes in utili
zation and degradation of choline might 
be involved. It is obvious that various fac
tors other than dietary composition may 
influence choline requirements.

The influence of age upon choline bio
synthesis which has been reported in a
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preliminary note 3 is of considerable inter
est. A decreased rate of choline synthesis 
with increased body weight has been noted 
by Wells and Remy (9) and in their stud
ies body weight was equated with age. In 
the present report this observation is con
firmed. However, they also present evi
dence that in choline deficiency there is an 
increased rate of choline biosynthesis 
which, of course, is contrary to the present 
study. It will be important to determine 
the cause of the divergent results obtained 
in these 2 investigations, for any inter
pretation of the role of choline biosynthe
sis in meeting the choline requirement of 
the rat will be dependent upon the effect 
that a choline-deficient diet has on this 
synthetic rate.

Over the many years this laboratory has 
studied the various nutritional and bio
chemical effects of ingesting feces, the 
choline-sparing effect reported in this paper 
is the first and only nutritionally advan
tageous consequence of preventing copro- 
phagy that has been consistently observed. 
Nature must have had some basis for the 
practically universal practice of copro- 
phagy among the world’s monogastric 
mammals.
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Effect of Dietary Supplements of Cystine upon Growth, 
Liver Fat and Choline Biosynthesis in the 
Choline-deficient R a t* 1
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A B ST R A C T  E vidence to support a n  e x p lan a tio n  fo r th e  an tilipo trop ic  effect of 
su p p lem en tary  d ie ta ry  cystine  in  choline-deficient ra ts  w as presen ted . T he re su lts  of 
these  stud ies show ed th a t  su p p lem en tary  cystine  aggravates a cho line  deficiency u n d e r 
d ie ta ry  cond itions w here  cystine  does n o t im prove th e  n u tr itio n a l s ta te  of th e  an im al. 
T h is w as accom plished  by u sing , as th e  sole d ie ta ry  p ro te in , iso lated  soy p ro te in  w h ich  
h a s  been  show n n o t to be lim itin g  in  cystine. T hese  ex p erim en ta l re su lts  are in  conflict 
w ith  th e  p rev ailin g  hypo thesis th a t cystine  acts by im proving  the  n u tr itio n a l s ta te  of 
th e  an im a l w h ich  causes a n  in crease  in  th e  a n im a l’s req u irem en t fo r m eth io n in e  and  
choline. U nder these  sam e cond itions, su p p lem en tary  cystine  caused  a decrease  in  the  
sy n th esis of choline  in  th e  liver, th u s  su p p o rtin g  a n  hypothesis th a t  cystine  increases 
th e  d ie ta ry  re q u ire m e n t fo r choline  by lim itin g  its  b iosynthesis th ro u g h  a n  in h ib itio n  
of m e th io n in e  tran sm e th y la tio n .

It has been recognized for many years 
that a dietary supplement of cystine given 
to rats receiving a choline-deficient diet 
causes an increase in the severity of the 
choline deficiency. This observation is so 
well-established that in the vast majority 
of rat studies of choline deficiency that 
are carried over long time-periods, supple
mentary cystine is included in the diet. 
Although increased fatty livers resulting 
from dietary cystine had been noted by 
Beeston and Channon (1), Griffith and 
Wade (2) were the first to describe the 
choline-cystine antagonism in detail, and 
later Griffith (3) proposed that this effect 
was attributed to the improvement in the 
state of nutrition induced by a cystine 
supplement which may have increased the 
animals requirement for methionine and 
choline. Other investigators (4 ,5) have 
failed to confirm this hypothesis. However, 
in the latter studies, 5% casein diets were 
fed to young rats, which provided a rather 
unusual dietary situation. Casein is known 
to be extremely deficient in cystine and, 
in fact, is rare among food proteins in this 
respect. At levels of casein in the diet of 
8% to approximately 15%, supplements 
of cystine will cause young rats to grow at 
a more rapid rate. This, of course, is the 
anticipated response of the animals to 
dietary supplementation with the first- 
limiting amino acid. For some unexplained

reason, if casein is fed at a level of 5% or 
less in the diet, dietary supplementation 
with this amino acid does not bring about 
a growth response. It has been these con
ditions in which cystine addition to the 
diet did not increase growth rate but at the 
same time did increase the accumulation 
of liver fat in choline-deficient rats, that 
have led to a contradiction of the Griffith 
hypo:hesis which relates increased fiver fat 
to nutritional state. Since evidence for an 
alternative explanation for the effect of 
cystine supplements in choline-deficient 
diets has not been provided, and in pre
vious studies an unusual dietary pattern 
has teen utilized, we have reopened an in
vestigation of this problem.

EXPERIM ENTAL

Male, weanling rats (Holizman) were 
used in all experiments. They were caged 
individually in wire mesh-bottom cages 
and were fed a diet of the composition 
shown in table 1. The animal room was 
kept at a temperature of 25°. In studies 
with choline deficiency, this is an impor
tant variable since it has been shown that 
choline requirement varies with environ
mental temperature (6). Dietary choline

Received fo r p ub lica tion  Ja n u a ry  23, 1967.
i This resea rch  w as supported  in  p a r t  by fu n d s pro

vided th rough  the S tate U niversity  of N ew  York and  
a  resea rch  g ran t from  th e  N atio n a l Science F ounda
tion.
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TABLE 1
D iet com position

M ajor com ponents 
Soybean p ro te in  source 1 
G lucose m o nohydrate  2 
H ydrogenated  vegetable o i l 3 
Salts 4
B v itam in s  in  sucrose 
Fat-so luble v itam in s in  corn  oil

T otal

s

15.0
63.0
15.0

4.0
2.0 
1.0

100.0

B -vitam ins in  2.0 g sucrose 
T h iam in e  HC1

m g

0.40
Riboflavin 0.80
Pyridoxine-H C l 0.40
Ca p a n to th e n a te 4.00
N iac in 4.00
Inosito l 20.00
B iotin 0.02
Folic acid 0.20
V itam in  B 12 0.03
M enadione 1.00

m g
Fat-soluble v itam in s in  1.0 g corn  oil

V itam in  A ace ta te 0.31
V itam in  D (c a lc ife ro l) 0.0045
a-Tocopherol 5.00

1 Prom ine, Central Soya Com pany, Chicago.
2 C erelose, Corn Products Com pany, Argo, I llin o is .
3 Prim ex, Procter and G am ble Com pany, C incinn ati.
4 H ubbell, R. B., L. B. M en del and A. J. W akem an  

1937 A n ew  sa lt m ix tu re  fo r  use in  experim enta l 
diets. J. N utr., 14:  273.

was provided as choline dihydrogen citrate. 
To prevent the high mortality that results 
from feeding a choline-deficient diet to 
weanling rats, 0.075% choline dihydrogen 
citrate was included in the diet for certain 
groups of animals which are identified in 
the tabular material presented later. Ca
sein was used as the source of protein in 
some experiments but particular impor

tance has been attached to the use of iso
lated soy protein.2 In a previous report we 
provided evidence that cystine was not 
first-limiting in this protein source (7). 
Food intake was measured every other day 
and body weights were recorded weekly. 
All diets were fed ad libitum. Liver fat 
was measured in fresh liver which was 
weighed, ground with anhydrous sodium 
sulfate, and extracted with chloroform in 
a Soxhlet extractor for 4 hours. The chloro
form extract was filtered through fat-free 
paper into a dried flask and the residue 
dried to constant weight. This is essen
tially the procedure used by Longmore et 
al. (8). Methyl-labeled L-methionine was 
used for the determination of liver choline 
biosynthesis. The 14CH3-labeled methionine 
was injected into the portal vein of an 
ether-anesthetized rat and 15 minutes later 
the liver was excised and homogenized. 
Phospholipid was extracted and hydro
lyzed. Choline was quantitatively deter
mined by precipitation as the Reinecke 
salt, which was then dissolved in acetone 
and assayed colcrimetrically. Radioactivity 
was determined in a Packard liquid-scin
tillation counter.

RESULTS AND DISCUSSION

The first observations (table 2) were 
made with a choline-deficient diet contain
ing casein at a level of 10%. Half of the 
animals had coprophagy prevented by the 
use of tail cups (9). The diets were con
tinued for 4 weeks postweaning, when 
the rats were injected with methyl-labeled 
methionine and killed. In the conventional

2 Prom ine, C entral Soya C om pany, C hicago.

TABLE 2
E ffec t o f  cys tin e  u p o n  liver fa t  a n d  choline  in  ra ts receiving  a 10%  case in  d iet

C oprophagy perm itted Coprophagy prevented

D iet
supplem en t

Liver Liver ch o lin e Liver Liver ch o lin e

W t Total
fa t

T otal
counts

Specific
ac tiv ity Wt Total

fa t
T otal

counts
Specific
activ ity

9 % m g / g
l iver

c p m / g
l iver

c p m / m g
choline 9 % m g / g

l iver
c p m / g

l iver
c p m / m g
choline

C h o lin e -fr ee 5 .7 1 0 .3 0 .5 2 2 ,8 1 8 5 ,4 2 0 4 .0 4 .1 1 .7 2 2 4 ,2 1 5 1 4 ,2 1 5

0.3%  c h o lin e  1 4 .9 3 .3 1 .60 1 7 ,0 6 1 1 0 ,6 3 3 4 .2 3 .1 1 .9 0 1 8 ,1 7 5 9 ,5 6 6

C h o lin e -fr ee
0 .3%  L -cy stin e 5 .6 1 6 .5 0 .4 0 3 ,1 8 4 7 ,9 6 1 6.0 1 2 .3 0 .6 4 3 ,5 0 5 5 ,4 7 7

1 C holine dihydrogen citrate.
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animals receiving the choline-free diet, 
several had died with hemorrhagic kidneys 
and, in general, the remaining animals 
were in very poor condition. This probably 
accounts for the relatively low total counts 
for liver choline and the low specific activ
ity in the first group. In the rats with co- 
prophagy prevented, the effect of dietary 
cystine supplement was much more evi
dent. Under these conditions, the rats 
receiving the choline-free diet did not de
velop fatty livers nor did any animals die 
with hemorrhagic kidneys. This protective 
effect due to preventing coprophagy has 
been described in another publication (10). 
In the rats with cystine supplement, there 
was a marked decrease in the specific 
activity of the liver choline which was ac
companied by an increase in the level of 
fiver fat. This first experiment confirmed 
the well-established effect of supplemen
tary cystine in increasing fiver fat. The 
cystine also increased the growth rate of 
rats. The lower specific activity of fiver 
choline accompanying dietary supplemen
tation with cystine suggested the possibil
ity that a decreased biosynthesis of choline 
may have contributed to the increased 
severity of the choline deficiency. That the 
lower specific activity was accompanied by 
lower total choline and lower total choline 
counts rules out the possibility that the 
effect was one of dilution with non-labeled 
choline.

The next study was carried out with iso
lated soy protein as the dietary protein 
source, which wras known from previous 
studies to be rather seriously limiting in 
methionine but completely lacking growth 
stimulation when supplemented with cys
tine (7). The results of this study are 
given in table 3. With the dietary condi
tions in this study, cystine supplementa
tion resulted in an increase in fiver fat but 
with decreases rather than increases in 
growth rate. There was an apparent in
crease in food efficiency with 0.15% cys
tine, but this was not evident with a sup
plement of 0.3% cystine. To prevent the 
high mortality due to choline deficiency 
in the first few weeks postweaning, a 
0.075% choline dihydrogen citrate supple
ment was added to certain of the diets. 
Rats with this milder degree of choline de
ficiency were used in the evaluation of
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choline biosynthetic rate, as indicated by 
specific activity of liver choline following 
the administration of methyl-labeled me
thionine. A lowered specific activity was 
found in those rats receiving cystine sup
plementation, thus confirming the prelimi
nary observations made with the casein 
diets and shown in table 2. As in the pre
vious study, total choline was low in the 
livers of choline-deficient rats, but the level 
did not appear to he related to the amount 
of fat in the liver. Also the total choline 
count was low so that the decreased spe
cific activity in the cystine-supplemented 
animals could not be accounted for by a 
simple dilution of choline.

The 2 experiments just described con
firm the observations of others (4, 5) that 
an antilipotropic effect of cystine can be 
demonstrated in the absence of any stimu
lation of growth rate. The fact that dietary 
supplementation with cystine caused a de
crease in fiver choline biosynthesis sup
ports the concept that the antilipotropic 
activity of cystine is related to an inhibi
tion of endogenous choline synthesis. The 
importance of endogenous choline biosyn
thesis in determining the dietary require
ment for choline has been discussed in 
detail by Stekol (11). The dietary cystine 
effect that has just been described appears 
to provide another example of the contri
bution of endogenous synthesis. Presum
ably inhibition of biosynthesis by dietary 
cystine is brought about by some type of 
feedback which retards transmethylation. 
It is difficult to see how the hypothesis of 
Griffith can provide even a partial explana
tion of the present results, particularly in 
view of the belief that “. . . cystine aggra
vates the effect of choline deficiency only 
if the basal diet is deficient in cystine”
(12). In the studies of others in which 
5% casein diets were used, cystine prob
ably was first-limiting, yet the animals did 
not respond to a cystine supplement be
cause of the toxicity of excess cystine un
der these conditions. Urinary calculi and 
nephropathogenicity due to cystine excess 
have been known for years (13) and this 
phenomenon has been observed in the 
authors’ laboratories in rats receiving diets

containing presumably optimal levels of 
choline.3 In the present studies, when the 
soy protein diet was used cystine was not 
deficient and yet choline deficiency was ag
gravated as was evidenced by an increase 
in fiver fat.
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Copper Metabolism in the Early Postnatal 
Period of the P ig let1,2
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A B S T R A C T  A study  w as m ade  to  de te rm in e  w h e th er low  serum  copper a n d  ceru lo
p la sm in  activ ity  va lues of p ig le ts w ere th e  re su lt o f insufficien t copper o r in su ffic ien t 
se ru m  p ro te in . O bservations w ere m ad e  on n a tu ra lly  a n d  artificially  ra ised  p ig le ts. In  
th e  n a tu ra lly  ra ised  p ig le ts, se rum  copper an d  ceru lo p lasm in  activ ity  in c reased  from  
very  low  values to  approx im ate ly  those of th e  ad u lt p ig  in  one w eek. Two litte rs  of 
artificially  ra ised  p igs w ere subdiv ided  in to  3 g roups, e ac h  of w h ich  w as fed  in  one 
of 3 d ie ta ry  sequences. P igs fed  in  sequence A received  a m in e ra l w a te r  so lu tion  fo r 
th e  first 36 h o u rs  a n d  th e re a f te r  received cow’s m ilk  fo rtified  w ith  iro n  an d  copper. 
Sequence B pigs received the  m in e ra l w a te r  fo r th e  first 36 h o u rs  also, an d  th e re a f te r  
w ere fed  cow’s m ilk  fo rtified  w ith  iro n  alone. Sequence C pigs received cow’s co lostrum  
fo r  th e  first 36 h o u rs  an d  th e n  cow’s m ilk  as those in  sequence B. T he re su lts  fromi 
th e  artific ia lly  ra ised  p ig le ts in d ica ted : ( a )  th a t  ceru lo p lasm in  p ro te in  as m easu red  by 
its  ac tiv ity  w as in d u cib le  by su p p lem en tary  d ie ta ry  copper; (b )  th a t  ra te  o f syn thesis 
of hem oglobin  w as in creased  by cow’s co lostrum ; an d  ( c )  th a t  one of th e  l im itin g  
fac to rs  w ith  th e  p ig le t u n d e r  th e  cond itions of th is  ex p erim en t appeared  to  be source 
of p ro te in  in  early  p o stn a ta l life  ra th e r  th a n  iro n  a n d  copper p e r se.

This investigation was prompted by ob
servations made in studies centered around 
porcine neonatal nutrition conducted at 
North Carolina State University over the 
past decade. It was reported that pigs are 
bom extremely deficient in blood serum 
proteins with an absence of y-globulin and 
low total protein, albumin and a-globulin 
values (1-3). It was also observed that 
newborn pigs possess a low serum copper 
concentration (20-40 ug/100 ml serum) 
as compared with that of adult pigs (200- 
250 ug/100 ml serum). Liver copper con
centration in the newborn pig is higher 
than in adult pigs (4). Since ceruloplas
min, a copper-containing protein, which 
accounts for approximately 50% of the 
serum copper in the pig is an a-globulin, 
the question arose as to whether the limit
ing factor in serum copper concentration 
was synthesis of this copper protein. There
fore, 2 experiments were conducted to de
termine the changes occurring during the 
postnatal period in copper distribution in 
the serum and the effect of supplemental 
copper on ceruloplasmin activity in the 
blood.

EXPERIM ENTAL

The first experiment was conducted with 
3 litters of naturally raised pigs at the

swine bam at North Carolina State Uni
versity. Immediately after birth and before 
the pigs were allowed to suckle, a blood 
sample was taken from the vena cava of 
each piglet. In each litter, 3 littermates 
were assigned to the control group, and 
three were injected intraperitoneally with 
a copper solution (1 mg copper/pig) in 
the form of copper-ethylenediaminetetra- 
acetate (EDTA). All piglets received an 
iron injection at one week of age, and 
thereafter they had free access to a com
mercial starter ration in automatic feeders. 
Additional blood samples were collected at 
7, 14, 21 and 28 days of age, and total 
copper and ceruloplasmin activity was de
termined in the serum.

In the second experiment 2 fitters of 
piglets raised artificially were used. The

Received fo r p ub lica tion  Ja n u a ry  9, 1967.
1 C ontribution  from  the  D epartm ents of Biochem 

istry  an d  A nim al Science, School c f  A griculture and  
Life Sciences, and  School of Physica l Sciences and  
Applied M athem atics, R aleigh, N orth  C arolina. P ub
lished  w ith  the  approval of th e  D irector of R esearch, 
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pigs were taken from the sow at parturi
tion, caught in a clean towel, and placed 
in individual cages equipped with an infra
red heat lamp. After birth, all pigs were 
weighed, bled from the vena cava and 
injected intraperitoneally with 5 ml of por
cine y-globulin (5). Based on birth weights, 
4 replications of 3 pigs each were made 
from each litter. The 3 pigs of each repli
cation were allotted at random to consecu
tive cages made of aluminum, and each 
piglet was assigned at random to one of 
the three experimental dietary sequences 
listed in table 1. Criteria measured were 
as follows: body weight; total serum cop
per, by the method of Parks et al. (6); 
ceruloplasmin activity by the procedure of 
Houchin (7) as modified by Rice (8); 
hemoglobin by the method of Shenk et al.
(9); total serum protein, estimated by re
fractive index, values obtained with a hand 
protein refractometer5; optical density of 
serum TCA precipitate, as an estimate of

true protein (1); and copper and iron con
centration of the liver and spleen by direct 
reading in an atomic absorption spectro
photometer 6; cytochrome oxidase activity 
by the method of Cooperstein and Lazarow
(10); and tissue protein by the method of 
Lowry (11).

RESULTS AND DISCUSSION

The results obtained with the naturally 
raised pigs are shown in figures 1 and 2. 
Serum copper levels (fig. 1) of both the 
control group and the copper-injected 
group increased from an initial value of 
about 30 ag to approximately 200 ug/100 
ml of serum which approaches a normal 
serum copper concentration for adult 
pigs. Although the serum copper level of 
the copper-injected group increased at a 
slightly faster rate than the control group,

5 H itach i, N a tio n a l In s tru m en t Com pany, B altim ore.
6 Model 303 Atomic Absorption Spectrophotom eter, 

Perkin-E lm er Corporation, N orw alk , C onnecticut.

• --------•  Control Group

o--------o Copper Injected Group

Age -  Weeks

Fig. 1 T o ta l se ru m  copper changes d u rin g  th e  first 4 w eeks of life  in  n a tu ra lly  ra ised  pigs.
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Age-Weeks
Fig. 2  C eru lop lasm in  activ ity  in  n a tu ra lly  ra ised  pigs.

the differences between the 2 groups is 
negligible. These results could be the re
sult of either poor utilization of copper- 
EDTA or of the copper not being limiting 
in either sequence. Ceruloplasmin activity 
for both groups also increased from birth 
in a manner analogous to that of the 
serum copper values (fig. 2). With both 
criteria, moreover, the greatest increase 
occurred in the first week.

The experimental diets and feeding pro
tocol for the artificially raised pigs are 
shown in tables 1 and 2. Essentially, the 
feeding regimen was divided into 2 phases. 
During the first phase, which extended for 
a period of 30 hours from the initial feed
ing, the experimental groups on sequences 
A and B were fed the mineral and vitamin 
solution (table 1), and the group on se
quence C was fed cow’s colostrum. From

TABLE 1
E xp erim en ta l d ietary  sequences fo r  artific ia lly  ra ised  pigs

Time
sequence Diet A Diet B Diet C

0 to 30 h r M ineral-v itam in  so lu tion  1 M ineral-v itam in  solu tion Cow’s co lostrum

36 to  90 h r  2 C hange-over sequence 
to w hole ra w  m ilk

Change-over sequence 
to w hole raw  m ilk

C hange-over sequence 
to w hole ra w  m ilk

D ay 4  to 21 W hole ra w  m ilk +  20 ppm  
c o p p e r+  80 p p m  iron

W hole ra w  m ilk  +  
80 p p m  iro n

W hole ra w  m ilk  +  
80 p pm  iro n

1 Stock solution, p a r t  A (double concen tra tion  fo r 2 l i te rs ) :  ( in  g ram s) KC1, 10.4; KH2PO4, 2.4; N a2H (P 0 4 )* 
7H2O, 15.6; MgS0 4 ’7 H20 , 2.9; v itam ins, 60.0; (M atrone e t al., J. N utr., 8 6:  155, 1965). Stock solution, p a r t  B: 
0.441 g of CaCl2*2H20 w as dissolved in  1 lite r  of d istilled  w ater. F in a l solution: equal p a rts  of stock solu
tions A and  B w ere m ixed im m ediately  before feeding.

2 Milk used  in  the  change-over period w as already  m ixed w ith  th e  corresponding proportions of copper 
a n d /o r  iron  specified in  th e  la s t tim e-sequence.
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TABLE 2
F eeding schedule

Feeding
no.

Feeding
period

Volume/
feeding Diet A Diet B Diet C

hours ml
i zero 100]
2 6 1 0 0 1
3 12 loot. M ineral-v itam in M ineral-v itam in Cow’s co lostrum
4 18 loo  r so lu tion so lu tion
5 24 100
6 30 100J

Change-over sequence 1
MVS-milk MVS-milk CC-milk

7 36 90 5 0 % -5 0 % 5 0 % -5 0 % 5 0 % -5 0 %
8 -1 2  2 42 -7 2 90 5 0 % -5 0 % 5 0 % -5 0 % 5 0 % -5 0 %

13-17 72-90 90 2 5 % -7 5 % 2 5 % -7 5 % 2 5 % -7 5 %
days

18-22 5 90]
2 3 -2 7 6 100
2 8 -3 2 7 120
3 3 -3 7
38 -4 2

8
9

150
180 M ilk +  80 ppm M ilk+  80 ppm M ilk+  80 ppm

43—47 10 210 iro n  +  20 ppm iron iron
4 8 -88 11-18 240 copper
89-93 19 270
94-98 20 300
99-103 21 360J

1 MVS ind ica tes m inera l-v itam in  solution; CC, cow’s colostrum .
2 Feeding 5 tim es/d ay , fo r exam ple, 7 A.M., 11 A.M., 3 P.M., 7 p.m ., and 11 p .m .

36 hours to 90 hours all experimental 
groups were changed over gradually to 
whole raw milk. Starting on the fifth day, 
80 ppm of iron were added to the raw milk 
fed to all groups, and, in addition, the 
group on sequence A received 20 ppm of 
copper which was added to the milk.

The gains of the group fed the normal 
copper diet (sequence A) and the one fed 
the low copper diet (sequence B) were al
most identical, whereas the group fed the 
cow’s colostrum low copper diet (sequence 
C) gained significantly more than the 
other 2 groups (fig. 3). Since all the pigs 
received equal amounts of milk diet after 
the fourth day, the superior performance 
of the groups on sequence C apparently 
was the result of the cow’s colostrum fed 
during the first 4 days.

There was a precipitous drop in hemo
globin values in the first 90 hours for all 
groups (fig. 4). Thereafter, there was a 
gradual rise in hemoglobin throughout the
21-day experimental period for the groups 
receiving the normal copper diet and those 
receiving the low copper diet, whereas that 
of the group fed the cow’s colostrum in
creased rapidly until the seventh day and

then leveled off. It might be inferred that 
the initial precipitous drop was associated 
with the fact that iron was omitted from 
the diet for the first 4 days; however, this 
phenomenon has been observed with arti
ficially raised pigs when iron and copper 
were supplied in the diets from birth (12). 
Also noteworthy is that, presumably, feed
ing of cow’s colostrum resulted in a rapid 
increase in hemoglobin level despite the 
raw milk diet being fed after the fourth 
day. This suggests that the colostral pro
teins either directly or indirectly influenced 
the synthesis of hemoglobin.

The total serum copper and ceruloplas
min activity values are shown in figure 5. 
The serum copper for the low copper and 
the cow’s colostrum low copper groups in
creased from a value of 25 pg copper/100 
ml and plateaued at 90 hours and 14 days, 
respectively, at a value of approximately 
75 pg/100 ml serum. The normal copper 
group, however, followed the same trends 
as the other 2 groups up until the seventh 
day. Thereafter, it increased rapidly until 
by day 14 these pigs had attained the same 
level of serum copper as that of the adult 
pig. As shown in figure 5, the response
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Diets

•---------•  Normal Copper
c—— o Low Copper

Age

Fig. 3 E ffect of d ie t on  w e igh t ga ins of artificially  ra ised  pigs.

Age
Fig. 4 E ffect of d ie t on  hem oglobin  levels o f artificially  ra ised  pigs.
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Age

Fig. 5 E ffect of n o rm a l a n d  copper-deficient d iets o n  to ta l se rum  copper an d  ceru lo p lasi 
m in  activ ity  o f artific ia lly  ra ised  pigs d u rin g  th e  first 3 w eeks of life.

curves for ceruloplasmin activity are simi
lar to those of serum copper. These data 
suggest that copper in the diet induced the 
synthesis of ceruloplasmin.

Optical density of the TCA precipitate 
of the serum and total serum proteins are 
presented in figure 6. The optical density 
values are a relative measurement of true 
protein. The greatest difference obtained 
in this measurement was between the co
lostrum-fed group and those not receiving 
colostrum. As reported previously (1-3), 
the higher values obtained during the early 
part of the experiment reflected, in part at 
least, absorption of intact cow colostral 
proteins. Pigs in all groups, however, at
tained similar values at the end of 14 days.

The absorption of the colostral proteins 
is also reflected in the total serum protein 
data. The percentage of protein in the 
serum was increased from 3% to over 5%

in 36 hours in the group receiving colos
trum and then gradually decreased to ap
proximately 4% at the end of 14 days. 
The other 2 groups showed a gradual in
crease from 3% to 4% during the first 14 
days. That the total serum proteins of the 
colostrum group dropped back to the level 
of the other 2 groups at the end of 14 days 
suggests that although the colostral pro
tein was absorbed, it did not have an effect 
on the maturation of the protein synthesis 
system of the piglet.

The average heart cytochrome oxidase 
activity (optical density change/min/mg 
protein) values for the pigs on sequences 
A, B and C were 4.43, 6.12 and 4.99, re
spectively. Analysis of variance of these 
data, however, indicate no significant dif
ferences among groups.

Lack of copper in the diet brought 
about a marked reduction of liver copper
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Age

Fig. 6 E ffects of d ie t on  TCA p rec ip ita te  an d  to ta l se rum  pro teins.

TABLE 3
Copper a n d  iron o f liver a n d  sp leen  o f 3-w eek old pigs artificia lly  raised

D ietary  1 
sequence

Copper Iron
Liver Spleen Liver Spleen

Cone Total
am t Cone Total

am t Cone Total
am t Cene Total

am t
p p m m g p p m m g p p m m g p p m m g

A 2 247.81 8 .16 17.06 0 .034 158.49 5.15 5 32 .89 1.12
B 16.89 0.55 12.43 0.021 238 .33 7.71 5 25 .69 0 .97
C 16 .07  2 0 .5 2  2 10.61 0 .017 170.28 5.43 4 8 8 .3 2 0 .8 2

1 D ietary  sequences: A: no rm al copper; B: low copper; C; cow 's colostrum -low copper.
2 V alues represen t m eans of 7 observations, rem ain in g  values fo r B an d  C diets rep resen t the  m eans of 8 

observations.

and a smaller reduction of spleen copper 
(table 3).

The pigs on sequences B and C without 
supplemental copper contained an average 
of 0.50 mg of liver copper at 3 weeks even

though at birth the average liver copper 
value for piglets ranges from 1 to 2 mg
(4). These results suggest that there is a 
copper priority for copper enzymes such as 
cytochrome oxidase.
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The results of the liver iron analyses 
are shown in table 3. The iron concentra
tion and total iron per tissue is higher for 
the group receiving sequence B. The group 
on sequence C, however, has amounts of 
iron similar to those of the normal copper 
diet. The difference between the groups on 
sequence A and B confirms data in the 
literature showing that in copper defi
ciency there is an accumulation of iron in 
the liver (13). The difference between B 
and C, however, elicits a different expla
nation. As shown in figure 4, the sequence 
C piglets attained a near-normal level of 
hemoglobin at 7 days in contrast with the 
other 2 groups which remained anemic. 
Thus, the lower level of iron in the livers 
of sequence C piglets probably was a result 
of the greater amount of hemoglobin syn
thesized. A significant corollary of these 
results is that at least during the first 3 
weeks of life, under the conditions of the 
experiment, the limiting factor is not cop
per or iron but protein, and probably a 
particular type of protein
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Arsenic, Germanium, Tin and Vanadium in Mice:
Effects on growth, survival and tissue levels * 1 2
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A B ST R A C T  C erta in  trace  e lem en ts fo u n d  in  th e  h u m a n  en v iro n m en t m ay  p ro 
duce adverse biological effects w h en  fed  in  sm all am o u n ts  to ra ts  a n d  m ice  fo r th e ir 
life tim e. O thers m ay  be in e r t  o r h av e  fav orab le  actions. M ice n u m b erin g  643 w ere 
fed  a  d ie t o f rye, co rn  oil an d  dried  sk im  m ilk  co n ta in in g  sm all am o u n ts  of a rsen ic , 
g e rm an iu m  an d  t in  a n d  la rg e r am o u n ts  o f v a n ad iu m , in  an  en v iro n m en t designed to 
exclude trace  c o n tam in an ts . G roups of 52 to 108 or m ore d ivided as to  sex w ere 
given 5 p p m  of these  e lem en ts as a rsen ite , g e rm an ate , van ad y l o r stan n o u s ions in  
d rin k in g  w a te r  f ro m  w ean in g  u n til  n a tu ra l  d eath . C hrom ium  (1 p p m ) w as added to 
the  w a te r of those given a rsen ic  a n d  g e rm an iu m  an d  th e ir  contro ls. No e lem en t b u t 
ch ro m iu m  affected grow th. M edian  life  sp an s a n d  longevity  of th e  o ldest 10% of 
m ales given g e rm an iu m  a n d  of bo th  sexes given a rsen ic  w ere som ew hat shortened . 
T his in n a te  toxicity  w as n o t observed in  an im a ls  given tin  an d  v an ad iu m . All ele
m en ts  accu m u la ted  in  one or m ore organs, g e rm an iu m  an d  tin  in  sp leen  w ith  age. 
No e lem en t w as carcinogenic. L ife-term  exposures o f an im als  to trace  e lem en ts m ay  
show  in h e re n t toxicities a t levels to lerab le  to  young an im als .

Certain biological effects of small doses 
of several trace elements, given in drink
ing water to mice and rats from the time 
of weaning until death in an environment 
relatively free of contaminating metals, 
are under investigation. This report con
cerns one trace metal which may be in
troduced as a contaminant in food, tin, 
and three trace elements ordinarily present 
in most foods, arsenic, vanadium and ger
manium.

METHODS

The experimental conditions of the en
vironment, and the food and water to 
which mice were exposed for their life
times have been reported in the first paper 
of this series (1) and have not been al
tered. In brief, the diet consisted of whole 
seed rye flour (60% ), powdered skim milk 
(30% ) and com oil (9% ), to which was 
added 1% iodized sodium chloride, 100 
mg/kg iron as ferrous sulfate and a vita
min mixture. The drinking water came 
from a mountain spring and was doubly 
deionized; to it were added the essential 
trace metals, zinc (50 ug/ml), copper (5 
ug/ml), manganese (10 ug/ml), cobalt 
(1 ug/ml) and molybdenum (1 ug/ml) 
as citrates, acetates or molybdate; these 
concentrations are similar to those present

in commercial diets. Extensive precau
tions were taken to avoid metallic con
tamination (1).

Random-bred mice of the Charles River 
CD strain were bom of pregnant females 
purchased from the supplier.3 At the time 
of weaning 54 males and 54 females, 6/ 
cage, were given the basic drinking water 
containing 5 ug/ml arsenic as sodium 
arsenite and 1 ug/ml chromium as chromic 
acetate; we have found chromium (III) to 
be a growth factor for rats and mice (1,
2), Another group of 71 male and 65 fe
male weanling mice were given the water 
with added chromium and 5 ug/ml germ- 
manium as sodium germanate. Controls 
were 54 males and 54 females given the 
basic water with added chromium. Litters 
were divided among the 3 groups. The 
diet contained 0.46 ug/g arsenic and 0.32 
ug/g germanium on a wet-weight basis.

At the time studies on tin and vana
dium were begun, we were not fully aware 
of the essentially of chromium (III); there-

Received fo r pub lication  February  2, 1967.
1 Supported by Public H ealth  Service R esearch 

G ran t no. HE-05076 from  the  N atio n a l H eart In s ti
tu te, C ontract DA 2595 from  the  U S. Army, CIBA 
P harm aceu tica l P roducts, Inc. and  the  G erm anium  
R esearch  Committee.

2 C urren t address: 9 B elm ont A venue, B rattleboro, 
V erm ont 05301.

3 The C harles River Mouse Farm s, Inc., N orth  W il
m ing ton , M assachusetts.
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fore this element was omitted from the 
drinking water. Mice of the same strain 
numbering 54 males and 54 females were 
given the basic water to which were added 
5 ag/ml tin as stannous chloride, and 62.5 
ug/ ml ascorbic acid (to inhibit oxidation 
to stannic tin). Controls were 34 males 
and 46 females. The diet contained 0.28 
ug/g tin, wet weight.

A pilot study on vanadium was made, 
using 23 males and 29 female mice which 
were given 5 ug/ml vanadium as vanadyl 
sulfate in the drinking water. We at
tempted to make a diet low in vanadium, 
and for this purpose used defatted fish 
flour4 (30% ), refined wheat flour (50% ), 
white sugar (10% ) and lard (9% ), with 
sodium chloride (1% ) and vitamins added. 
This diet was fed to mice for 6 months; it 
contained 1.4 ug/g vanadium. At the end 
of this period, the mice were given the 
regular diet, which contained 3.2 ug/g 
vandium, on a wet basis. A similar num
ber of controls, 25 males and 26 females,

were treated identically, without added 
vanadium.

Animals were weighed weekly at first 
and then at monthly intervals. Dead ani
mals were autopsied, tumors and gross le
sions noted and abnormal tissues sectioned 
for microscopic analysis. Hearts, lungs, 
kidneys, livers and spleens were pooled in 
samples of 2 to 14 from various age groups 
and analyzed for the elements given. Be
cause of the small size of the samples, it 
was impossible to analyze all control tis
sues for each of the 4 elements.

Tissues analyzed for tin and vanadium 
were ashed at 4500 in muffle furnaces and 
handled as reported (3, 4). In the cases 
of arsenic and germanium, they were 
ashed in a low-temperature asher5 at ap
proximately 105° in nascent oxygen under 
a partial vacuum (5, 6). Analytical meth
ods used were: tin, the chemical method 
of Thompson and McClelland (3, 7); ger-

4 Viobin C orporation, M onticello, Illinois.
5 T racerlab  500 A, A shland, C alifornia .

DAYS
Fig. 1 M ean w eigh ts o f m ice given a rsen ic  as a rsen ite  a t various ages. T he solid b a rs  rep resen t 

m ales receiv ing  a rsen ic , th e  dotted b a rs  m ale  controls. The d ashed  b a rs rep re sen t fem ales receiv ing  
arsen ic , the  open b a rs th e ir  contro ls. S ign ifican t d ifferences in  w eigh t w ere confined to o lder age 
m ales. At 360 days, m ale  con tro ls exceeded arsen ic-fed  by 4.7 g (P  <  0 .05 ) an d  a t 540 days, by 
8.9 g (P  <  0 .005). T he difference a t 540 days in  the  fem ale  group w as 7.8 g b u t w as n o t s ta tis tica lly  
sign ifican t.
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Fig. 2  M ean w eigh ts of m ice  given g e rm an iu m  as germ an ate  a t various ages. The solid bars rep 
re sen t m ales receiv ing  g e rm an iu m , th e  do tted  b a rs m ale  contro ls. T he d ashed  b a rs rep re sen t fem ales 
receiv ing  g e rm an iu m , the  open b a rs th e ir  contro ls. S ign ifican t differences in  w eigh t w ere confined to 
o lder ages. M ales a t  360 days differed  by 8.1 g (P  <  0 .005) a n d  a t  540 days by 8.7 g (P  <  0 .025). 
Fem ales differed  a t  540 days by 8.9 g (P  <  0 .005).

manium, that of Luke and Campbell (6, 
8); arsenic, that of Sandell (5, 9), modi
fied by that of Evans and Bandemer (10); 
vanadium, that of Sandell (11), slightly 
modified (4). Sensitivities and limits of 
detection of these methods in our labora
tory have been reported (3-6).

RESULTS

Growth rates. None of the four trace 
metals significantly affected growth rates 
of the mice, compared with their controls. 
There were significant differences, how
ever, in those given chromium and those 
not, the former groups being heavier at 
all ages (P < 0.01-0.005), as reported in 
other series of mice (1) and rats (2). 
Figures 1-4 show the respective mean 
weights. At 18 months of age body weight 
decreased in females given each metal and 
in males given arsenic. Mice fed the fish- 
flour diet gained 29.3 g and those fed the 
same diet with added vanadium 31.0 g in 
12 weeks, an insignificant difference.

Survival rates. The percentage of ani
mals surviving at each 3-month period are 
shown in figures 5-8. Increased mortality 
was exhibited by animals fed arsenic and 
germanium at one or more intervals com
pared with controls. Tin and vanadium 
did not appear to affect mortality at any 
age. The survival curves of males receiving 
vanadium and tin and their controls, how
ever, tended to be fairly straight, whereas 
those of males on arsenic and germanium 
and their controls were sigmoid-shaped. 
Such straight curves have been reported 
for male animals deficient in chromium 
(12, 13).

Life-span and longevity of mice. Me
dian life spans of male mice fed arsenic 
and germanium were less than that of 
their controls by 74 and 92 days, respec
tively (table 1). Similarly, females fed 
arsenic and germanium had shortened me
dian life spans by 76 and 35 days, re
spectively. No such shortening of fife 
span occurred in mice receiving tin or
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Fig. 3 M ean w eigh ts of m ice receiv ing  tin  a t various ages. T he solid b a rs  rep re sen t tin-fed  m ales, 
th e  do tted  bars th e ir  contro ls. T he h a tc h ed  b a rs rep resen t tin-fed  fem ales, th e  open b a rs  th e ir  con
tro ls. T here  w ere no  sign ifican t differences be tw een  contro ls an d  tin -fed  an im a ls  a t any  age. T hese 
m ice  did n o t receive ch ro m iu m ; they  w ere sign ifican tly  lig h te r th a n  th e  con tro ls show n in  figures 1 
an d  2 w h ich  h a d  1 ng /g  in  w a ter, m ales d iffering  by 2.8 to 9.02 g a t  various ages (P  <  0 .05 -0 .0005) 
a n d  fem ales d iffering  by 2.0 to 7.7 g (P  <  0 .025-0 .0005).

vanadium. Male controls had a 60-day 
and females a 54-day longer median life
span when given chromium than when not; 
similar data have been reported previously
( 12).

Longevity, defined as the mean age at 
death of the oldest 10% of animals, was 
significantly less in male than in female 
mice given arsenic and germanium, and 
greater in males given tin (table 2). Com
pared with controls, mice of both sexes 
fed arsenic and males fed germanium 
had a lessened longevity.

Accumulation of metals. In all cases, 
the trace metals accumulated in one or 
more organs of mice, in some cases in 
sizeable quantities (tables 3-6). Accumu
lation with age was demonstrated for tin 
and germanium (table 7); the number of 
samples analyzed for vanadium and arsenic 
were too few to estimate age-linked accu
mulation; although the highest values for

arsenic in spleen were noted in older mice 
(10 ng/g).

Incidence of spontaneous tumors. Sig
nificantly fewer spontaneous tumors, 11, 
were observed in mice fed arsenic, than 
in the controls which had 55, or those fed 
germanium which had 25, tin which had 
22 or vanadium which had 15 (P < 0.001). 
These data are reported in detail else
where (14).

Other pathological changes. Examina
tion of the microscopic sections revealed 
no consistent pathological changes associ
ated with the ingestion of any of these 
four trace elements.

DISCUSSION

These experiments, which are confined 
to mice, suggest no inherent or recondite 
toxicity of tetravalent vanadium in the 
form and dose given, in terms of growth, 
survival, longevity, life span or patholog-
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Fig. 4 M ean w eigh ts of m ice receiv ing  v a n ad iu m  as  v an ad y l ion  a t  various ages. Solid b a rs  rep 
re sen t van ad iu m -fed  m ales, dotted  b a rs th e ir  con tro ls; h a tc h ed  b a rs fem ales fed  v an ad iu m , open 
b a rs th e ir  contro ls. No sign ifican t d ifferences app eared  a t any  age. For th e  first 180 days these  m ice 
w ere  fed  a d ie t co n ta in in g  fish flour (see  te x t) ,  th e re a f te r  th e  reg u la r  diet. C hrom ium  w as no t added  
to th e ir  w ater.

Fig. 5 S urv ival of m ice given a rsen ic  com 
p ared  w ith  th a t  o f contro ls. Solid lin e s  show  
arsenic-fed  m ales, d ashed  lin es th e ir  con tro ls; 
dot-dashed lin es show  arsen ic-fed  fem ales, dotted  
lines th e ir  contro ls. By chi-square  analysis th ere  
is a  s ig n ifican t d ifference a t  18 m o n th s in  m ales 
(P  <  0 .025) a n d  a t  21 m o n th s in  fem ales (P  <  
0 .05).

Fig. 6 Survival o f m ice given g e rm an iu m  
com pared  w ith  th a t  o f contro ls. Solid lin e s  show  
germ an ium -fed  m ales, d ashed  lines th e ir  con tro ls; 
dot-dashed lines show  germ an ium -fed  fem ales, 
do tted  lin es th e ir  contro ls. By ch i-square  analysis 
there  is a  s ign ifican t d ifference a t  18 m o n th s in  
m ales (P  <  0 .005) b u t n o t in  fem ales.
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Fig. 7 Survival o f m ice given tin . Solid lines 
show  tin -fed  m ales, d ashed  lines th e ir  contro ls; 
do t-dashed lines show  tin -fed  fem ales, dotted  lines 
th e ir  con tro ls. M ale su rv iva l curves axe re la tively  
s tra ig h t, ch a rac te ris tic  of p a r tia l  ch rom ium  de
ficiency. No sign ifican t d ifference in  m orta lity  
w as fo u n d  a t  any  age.

MONTHS
Fig. 8 Survival of m ice given v an ad iu m . Solid 

line  rep resen ts m ale , d ashed  an d  do tted  lin e  fe 
m ale  con tro ls; dashed  lin e  rep resen ts  m ale , dotted 
lin e  fem ale  m ice fed  v an ad iu m . M ale survival 
curves a re  re la tively  s tra ig h t, c h a rac te ris tic  of p a r 
tia l ch rom ium  deficiency. No sign ifican t d ifference 
in  m o rta lity  in  each  sex w as fo u n d  a t any  age.

TABLE 1
M edian  life  spans o f m ice  g iven  trace e lem en ts

Males Females
DifferenceNo. No.

animals animals
days days days

C o n tro l1>! 59 510 72 570 60
V an ad iu m  1 23 500 29 590 90
T i n 1 54 548 54 554 6
C ontrol 3 54 570 54 624 54
A rsenic 3 54 496 54 548 52
G erm an ium  3 71 478 65 589 111

T otal 315 328

1 No chrom ium  added to d rin k in g  w ater.
2 As no  significant d ifferences appeared  in  th e  m ed ian  life  spans of the  controls fo r the vanadium - 

fed an d  those fo r the  tin-fed an im als, both control groups were com bined.
3 C hrom ium  added to d rin k in g  w ater, 1 /¿g/ml.

TABLE 2
L ongevity  1 o f m ice  g iven  trace e lem en ts

M ale Fem ale

M ean M axim al value  2 M ean M axim al
age age age age

days days days days
C ontrol 3 802 ± 5 0 .2  4 1007 ns 5 735 ± 2 9 .0 799
V anad ium 779 ± 3 7 .6 836 ns 805 ± 9 3 .0 1084
T in 896 ± 3 5 .9 990 <  0.005 761 ± 1 4 .1 806
C o n tro l8 831 ± 4 9 .6 1016 n s 9 1 0 ± 4 5 .0  7 1059
A rsenic 694 ±  7.4 s 706 <  0.005 789 ± 2 2 .4  8 849
G erm an ium 7 1 2 ± 2 9 .2  9 835 <  0.025 829 ± 3 5 .9 971

1 Longevity is the  m ean  age of the  la s t su rviv ing 10% of an im als in  each group.
2 Significance of difference betw een m ale and  fem ale values.
3 N o chrom ium  added.
* M ean ±  s e  o f  m ean.
5 N ot significant.
8 Chrom ium , 1 /¿g/ml, added.
7 Differs from  first con tro l value, P <  0.005.
8 Differs from  chrom ium  control value, P <  0.025.
9 Differs from  chrom ium  contro l value, P <  0.05.
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TABLE 3

A rsen ic in  m ouse1 tissues, ■wet w e ig h t 1

Controls Arsenic-fed
No.

animals
No.

anim als

Kidney 2
99 /9  
1.30 16

99/9
1.31

Liver 29 0.02 11 0.43
H eart 11 <  0.02 13 1.41
Lung 11 0.11 11 1.35
Spleen 2 5.60 15 3.93
T um or 1 0.93 1 0.19

1 T issues w ere pooled in  lots of 2-11. M eans of 
both  sexes included . Food con ta ined  0.46 ( i g / g  arsenic. 
E ight w ild m ice h ad  no detectable arsen ic  in  kidney, 
0.74 f i g / g  in  liver an d  1.1 ¡ i g / g  in  heart.

TABLE 4

G erm anium  in  m o u se  tissu es, w e t w e ig h t1

Controls G erm anium -fed

No.
animals

No.
animals

Kidney i l
99 /9
0.12 63

M-9/g
3.12

Liver 3 0.49 83 2.63
H eart 2 1.62 49 1.52
L ung 2 0.35 69 3.85
Spleen 11 0.29 68 11.37
T um or 3 2.90

1 M eans of both  sexes included . O rgans were pooled 
in  lots of 2—8. Food con ta ined  0.32 f i g / g  germ anium . 
E ig h t w ild m ice h ad  0.36 j i g / g  in  liver an d  2.42 j i g / g  
in  spleen.

TABLE 5
T in  in  m o u se  tissu es, w e t w e ig h t liZ

M ales Fem ales

No. No.
an im als an im als

99 /9 99 /9
Kidney 29 1.70 37 3.32
Liver 29 1.24 37 2.26
H eart 43 2.95 32 5.04
L ung 32 4.47 37 1.80
Spleen 43 1.81 37 4.47
F a t 2 0.81
T hyroid 14 2.15
T um or 1 5.12

1 O rgans w ere pooled in  lots of 3-14. Food con tained 
0.28 f i g / g  tin . M ean values show n.

2 Too few  contro l tissues w ere available  fo r tab u la 
tion ; they  con tained  less th a n  0.5 j i g / g  tin .

TABLE 6
V a n a d iu m  in  m ouse  tissues, w e t w e ig h t1

Controls V anadium -fed

No.
animals

No.
anim als

9 9 / 9 99/9
K idney 4 5.0
Liver 6 3.38 19 2.02
H eart 18 5.42 5 25.3
L ung 24 4.80 9 9.17
Spleen 17 7.38 11 19.86
T hyroid 5 17.60
T um or 1 1.54 1 1.90

1 M eans of both  sexes included. O rgans w ere pooled 
in  lots of 5-12. Food con ta ined  1.4 f i g / g  van ad iu m  
fo r first 6 m onths of age, th e rea fte r  3.2 /ig /g  (see 
te x t) .

TABLE 7
A cc u m u la tio n  o f t in  a n d  g e rm a n iu m  in  m ice  w ith  age, organs o f h ig h est co n cen tra tions,

w e t w e ig h t1

Age
Tin Germanium

No.
animals Heart Spleen No.

animals Spleen

d a y s 99 /9 99 /9 9 9 /9
<  300 4 0.42

301-400 16 3.76 0.91 10 3.23
401 -5 0 0 5 4.02 2.92 23 9.88
501-600 15 3.66 3.29 27 9.17
601-700 24 5.31 2.55 8 28.68
701 + 3 5.14 24.39

1 M ean values of concen tra tions in  organs of a ll an im als dying in  the  in tervals show n are 
included. O rgans were pooled in  lots of 2-14.

ical changes, despite accumulations in 
heart and spleen. Because of the rela
tively high concentrations of vanadium in 
the diets (vanadium is found concentrated 
in all biogenic lipids studied (4)), we were 
unable to demonstrate physiological ef
fects by comparing growth and survival 
of animals fed little or no metal with those 
fed normal amounts.

Although stannous tin accumulated in 
spleen, and, to less extent, in heart, only 
one effect of this element appeared. The 
median life span of males and females 
was almost identical, and longevity of 
males was greater than that of females. 
In our other series of mice, females usu
ally lived longer than males (12). There
fore, innate toxicity of tin according to the
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criteria studied was not demonstrable, de
spite probable accumulations.

Trivalent arsenic showed a slight tend
ency to accumulate in heart and lung of 
mice and, at the levels given, was slightly 
toxic in terms of median life span, lon
gevity and survival, but not in terms of 
growth.

Although inorganic trivalent arsenic has 
been traditionally reputed to cause cancer 
in man, attempts to induce cancer with 
this element in mice and rats have con
sistently failed (15). The genesis and 
authenticity of the belief has been ques
tioned (16). We observed fewer spontane
ous tumors in mice given it at this level. 
The suppression of cancer incidence was 
apparently not associated with the de
creased life span (14). Life-term experi
ments in rats, however, indicated no in
herent toxicity of arsenic. These data will 
be reported.

Germanium accumulated in the spleens, 
kidneys, livers and lungs of mice, and at 
the level given, was slightly toxic in terms 
of life span, survival and longevity of 
males, but not of growth. Such subtle 
toxicity as appeared was confined to males. 
Germanium, however, has been said to 
show a low order of toxicity in acute ex
periments (16).

These experiments compared low levels 
of elements in the diet with higher levels 
in drinking water. A rough approximation 
of the comparable intakes can be made, 
assuming 7 ml of water6 and 6 g food in
gested per 100 g body weight per day (2). 
On this basis, the relative intakes of the 
controls and experimental animals per 
100 g body weight per day, respectively, 
were: arsenic, 2.76 and 37.76 ug; ger
manium, 1.92 and 36.92 ug; vanadium, 8.4 
to 19.2 and 43.4 to 54.2 ug; tin, 1.68 and 
36.68 ug.

Because growth and survival of wean
ling and young mice were unaffected by 
any of these 4 elements, the levels given 
were tolerable. It is probable that lon
gevity, late survival and life span of ani
mals are more direct criteria of innate 
toxicity of elements than is the criterion of 
growth, especially at levels tolerated by the 
young.
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A B ST R A C T  N u tritio n a l ba lan ce  a n d  <5C a k inetic  stud ies w ere conducted  on  3 cows 
d u rin g  periods of ex p erim en tally  a lte red  p a ra th y ro id  sta tu s . In  experim en ts on  the 
in ta c t  cows an d  on  two of th e  cows fo llow ing p a rathy ro idec tom y, th e  hypercalcém ie 
response  to p a ra th y ro id  ex tra c t ad m in is tra tio n  w as consisten t, a n d  th e  degree of the  
response  w as com parab le  to th a t  of th e  dog (a s  defined by the  U.S. P h arm aco p o eia ) 
p rov ided  th e  dose w as expressed  as a  fu n c tio n  of body w eight, kg0-75. C essation  of 
p a ra th y ro id  e x tra c t ad m in is tra tio n  w as follow ed by hypocalcem ia. T he k inetic  d a ta  
in d ica ted  th a t  th e  hyperca lcém ie  response to  p a ra th y ro id  e x tra c t w as associated  w ith  
a n  in crease  in  bone reso rp tion , th e  sub seq u en t decline  in  p lasm a  ca lc iu m  co n cen tra 
tio n  w ith  a  decrease  in  ca lc iu m  abso rp tion  fro m  th e  gut. Fecal c a lc iu m  w as in 
creased  d u rin g  th e  p eriod  of p a ra th y ro id  e x tra c t ad m in is tra tio n  a n d  d u rin g  th e  im 
m ed ia te  postin jec tio n  period. In c reased  feca l c a lc iu m  d u rin g  th e  hypercalcém ie period  
in d u ced  by p a ra th y ro id  e x tra c t a d m in is tra tio n  app eared  to be due to  bo th  a n  increase  
o f endogenous feca l ca lc iu m  a n d  decreased  abso rp tion , w hereas in  th e  hypocalcém ie 
p eriod  th e  in creased  feca l ca lc iu m  w as due  solely to decreased  calc iu m  absorption .

The mechanisms of calcium homeostasis 
in the cow are challenged at parturition 
when negative calcium balance, hypocal
cemia and a clinical syndrome, parturient 
paresis, may develop (1,2). In most mam
mals, the parathyroid gland plays an im
portant role in calcium homeostasis. Yet 
certain experimental evidence has tended 
to minimize the importance of the para
thyroid glands in calcium homeostasis of 
the adult cow. Plasma calcium levels 
within the normal range have been re
ported in lactating thyroparathyroidectom- 
ized (3) and nonlactating parathyroidec
tomized cows (4). Elevations of only 1 to 
2 mg/100 ml in plasma calcium concen
tration following parathyroid extract ad
ministration to non-parturient cows (5, 6) 
appear small when compared with plasma 
calcium levels over 20 mg/100 ml achieved 
by injection of the extract into dogs (7). 
In addition, parathyroid extract has failed 
to increase the plasma calcium concentra
tion of parturient cows (6) and has lacked 
a beneficial effect in cows afflicted with 
parturient paresis, a hypocalcémie syn
drome (5).

However, changes in plasma calcium 
concentration influence the plasma level

of parathyroid hormone in cows (8). This 
suggests, in contrast with the above obser
vations, that the parathyroid gland has the 
potential ability to play a role in calcium 
homeostasis in the cow. This role will 
be further determined by the underlying 
mechanisms and degree of the calcémie 
response to parathyroid hormone. The 
present paper reports responses in calcium 
metabolism of intact and parathyroidectom
ized cows given parathyroid extract as 
studied by nutritional balance and tracer 
kinetic methods.

METHODS

Experiments were conducted on 3 six- 
year-old nonpregnant, nonlactating cows in 
various parathyroid states (table 1). They 
were kept in metabolism stalls and fed 6.36 
kg/day of a ground mixture of timothy hay 
(4 parts), com and cob meal (8 parts), 
alfalfa and bromgrass hay (2 parts), and 
NaCl (0.14 parts). Before a balance trial, 
2 weeks were allowed for equilibration

Received fo r p u b lica tion  D ecem ber 15, 1966.
1 T his w ork w as supported  by Public H ealth  Service 

postdoctoral fellow ships F2 AM-14,874 and  AM-31,380, 
by Public H ealth  Service R esearch G ran t no. AM-08392 
fro m  th e  N atio n a l In stitu te  of A rth ritis  and  M etabolic 
Diseases, and  by th e  Atomic E nergy Com m ission 
(AT 30-1-3360).
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TABLE 1
T yp es o f eocperiments

Cow
no. Breed Body wt Condition Duration Beginning

date PTE i
45Ca

injection
date

kg days USP u n its / day
J -2 Jersey 427 In tac t 8 1 /7 /6 4

In ta c t +  PT E  1 7 1 /1 5 /6 4 3000
Post-PTE 2 1 /2 2 /6 4

J -3 Jersey 369 In tac t 8 9 /1 5 /6 4
In ta c t +  PTE 7 9 /2 3 /6 4 3000-5000
Post-PTE 5 9 /3 0 /6 4

398 PTX 2 16 8 /4 /6 5 8 /9 /6 5
PTX +  PTE 10 8 /2 0 /6 5 5000 3 8 /2 3 /6 5
Post-PTE 5 8 /3 0 /6 5 9 /1 /6 5

G -4 G uernsey 427 In ta c t 7 5 /7 /6 4
In ta c t +  PTE 7 5 /1 4 /6 4 3000
Post-PTE 5 5 /2 1 /6 4

522 P T X 2 11 2 /6 /6 5 2 /8 /6 5
PTX +  PTE 8 2 /1 7 /6 5 5000 3 2 /1 8 /6 5
Post-PTE 5 2 /2 5 /6 5

1 PTE, para th y ro id  in jec tion , USP.
2 PTX, parathyroidectom ized; surgery  w as perform ed on cow J -3  on 7 /3 0 /6 5 , an d  on cow G -4 on 8 /2 5 /6 4 . 

A lthough com plete parathyroidectom y w as n o t confirm ed in  cow G -4, an  estim ated  92% of its  p ara thy ro id  tissue 
w as rem oved (4 ) .

3 D ivided in to  3 equal doses a t 8-hour in tervals.

with the ration. The content of the Ca and 
P in the diet met the recommendation of 
Morrison (9), and the Ca-to-P ratio was 
approximately 1.0. Distilled water was 
provided ad libitum or tap water consump
tion was measured so as to calculate cal
cium intake in the drinking water. Urine 
was collected by means of an indwelling 
self-retaining catheter (Bardex-Foley with 
75-ml inflatable fluted ovoid balloon, size 
26 French) into a 24-liter polyethylene 
carboy. Feces were collected in a pan lined 
with 6-mil polyethylene sheeting.

Urine and fecal collections were made 
daily at 8  a m . The feces were mixed with a 
power stirrer, weighed, and a 250-g aliquot 
was saved in an airtight plastic container 
for analysis. The urine volume was meas
ured, and a 100-ml aliquot was frozen for 
analysis.

Heparinized blood samples were col
lected through indwelling jugular catheters 
of Teflon tubing (1.2 mm I.D.) before 
feeding at 8 a m  and 4 p m  and again at 
midnight. The plasma was separated by 
centrifugation within 1 hour and frozen.

Parathyroid extract2 was injected either 
subcutaneously or intramuscularly once 
daily at 8 a m  or 3 times a day at 8 a m , 
4 p m , and midnight (table 1). Parathy
roidectomy was accomplished with ap

proximately 25% ablation of the thyroid 
gland (4).

Duplicate samples of the fecal aliquot 
were weighed into tared dishes and dried 
in an oven at 105° for 48 hours to deter
mine dry matter content. The resultant 
dry feces were ground and stored. Dupli
cates samples (approx. 1 g) of the dry 
feces were redried to a constant weight 
in tared crucibles, and ashed in a muffle 
furnace overnight at 550° to 600°. The 
ash was dissolved in HC1 (1 + 4), evapo
rated to dryness to dehydrate the silica, 
redissolved, and brought to a constant vol
ume before filtering (10).

Calcium analysis of samples from the 
intact cows was performed by chelometric 
titration using Cal-red as the indicator
(11). In the experiments with the 
parathyroidectomized cows, calcium anal
ysis was by atomic absorption spectro
photometry.3

Plasma radioactivity was counted in 0.5- 
ml samples dried in a 2.5-cm diameter 
planchet. Standards were prepared by di
luting an aliquot of the injected isotope 
solution with non-radioactive plasma. 
45Ca in urine and fecal ash solution was

2 P ara thy ro id  in jection , USP, w as donated  by Eli 
L illy and  Com pany, Greenfield, Ind iana .

3 A nalytical M ethods fo r Atomic Absorption Spectro
photom etry. Perkin-E lm er Corporation, N orw alk, 
C onnecticut, 1965.



PA RATHYROIDS A N D  C A L C I U M  M E T A B O L I S M  IN C O W S 255

determined by precipitating the calcium as 
the oxalate before counting (12). Aliquots 
of the injected isotope solution were simi
larly prepared for counting standards. 
Constancy of mass was attained in the 
precipitates of standards and samples by 
precipitating exactly 1.3 mg of calcium. If 
insufficient calcium was present in the 
sample, carrier calcium was added. All 
samples were counted with a thin-window, 
gas-flow Geiger detector in a low back
ground counting system (background < 
2 count/min). The activity of the samples 
was corrected for background and radio
active decay since the day of injection.

Tracer kinetics. 45CaCl2 in aqueous so
lution with a specific activity of 1 to 4 Ci/g 
of Ca4 was diluted so as to contain 1 mCi/ 
10 ml. An injection of 1.0 mCi was made 
via a catheter in the mammary vein at 10 
a m  on each injection date (table 1). In 
addition to regular 8-hour samples, jugu
lar samples were obtained at 2.5, 5, 10, 15, 
and 30 minutes and 1, 1.5, 2, 3, 6, 9, 12, 
18, 24, and 36 hours after each 45Ca in
jection to determine the radioactivity dis
appearance curve in the plasma. The re
sults were plotted as the percentage of 
dose per millimole of plasma calcium.

4 O btained from  Oak Ridge N atio n a l Laboratory, 
Oak Ridge, Tennessee.
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The data were analyzed using the second of 
the simplified methods and scheme 1 of cal
cium metabolism as proposed by Aubert 
et al. (13). In effect, we extrapolated the 
last segment (96-168 hours postinjection) 
of the curve, obtained by a semi-loga- 
rithmic plot of plasma calcium specific ac
tivity (SAP) against time (fig. 1), back to the 
time of 45Ca injection, that is, zero time. 
The slope of this portion of the curve and 
the Y intercept value were determined by

least squares. The fractional turnover rate 
(— k) was calculated from the slope of this 
line and the pool size was calculated by 
dividing the injected dose by the SAP at 
time zero as determined from the Y inter
cept. The product of the fractional turn
over rate times the pool size was taken to 
represent total inflow of calcium into the 
plasma sampled pool. Total outflow of 
calcium from the pool was assumed equal 
to total inflow (13). The total flows are

Fig. 2  P la sm a  calc iu m  responses to p a ra th y ro id  ex tra c t ad m in is tra tio n  in  in ta c t and 
parathy ro idec tom ized  cows. T he period  of p a ra th y ro id  e x trac t ad m in is tra tio n  is  in d ica ted  
by  th e  solid b lack  b a r above th e  abscissa. P a ra th y ro id  ex tra c t w as in jec ted  e ith e r sub 
cu tan eo u sly  o r in tra m u sc u la rly  once daily  in  th e  in ta c t cows. T he dose ra te  fo r in ta c t 
cows, J-2 an d  G-4, w as 3000 USP u n its /d a y , an d  th e  dosage fo r  cow J-3 w as in creased  
fro m  3000 to 5000 USP u n its /d a y  b eg in n in g  w ith  th e  th ird  dose. T he parath y ro id ec to m ized  
(P T X ) cows received 500 USP u n its /d a y  div ided in to  3 equal doses a t 8-hour in te rv a ls .
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considered to represent the various par
ameters of calcium metabolism as follows :

to ta l inflow  =  Ca abso rp tion  +  
bone reso rp tion

to ta l outflow  =  endogenous feca l Ca -j- 
u r in a ry  Ca +  bone accretion

Since all values except flows to or from 
bone are determined experimentally, bone 
resorption and accretion can be calcu
lated by difference.

Endogenous fecal calcium and calcium 
absorption were determined according to 
the following equations:

endogenous fe ca l C a =  (SA f/SA P) X 
feca l Ca

Ca absorp tion  =  d ie ta ry  Ca in tak e  +  
endogenous feca l Ca — feca l Ca

where SAf represents the specific activity 
of the fecal calcium. The mean of 4 
plasma samples, taken at 8-hour intervals 
during the 24-hour period in which the

feces were collected, was used to repre
sent SAP.

RESULTS

Plasma calcium. The administration of 
parathyroid extract consistently produced 
an elevation of plasma calcium in both 
intact and parathyroidectomized cows (fig.
2). The increases ranged from 0.48 to 1.0 
mmoles/liter. The peak concentration of 
plasma calcium was reached 24 to 40 hours 
after the first injection of parathyroid ex
tract. The single daily injections in the 
intact cows led to a fluctuation of plasma 
calcium concentration in relation to the 
time of injection, being the highest 12 to 
18 hours post-injection then declining be
fore the next dose. Injections at 8-hour 
intervals in the parathyroidectomized cows 
tended to eliminate this cyclic daily fluctu
ation so that hypercalcemia was main-

700 r
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Fig. 3 C alc ium  excretion  in  in ta c t an d  parathy ro idec tom ized  cows given p a ra th y ro id  
ex trac t. T he d ashed  lin e  in d ica tes  th e  d ie ta ry  calc iu m  in tak e . T he va lues fo r th e  period  
before  a n d  a f te r  p a ra th y ro id  e x trac t (P T E ) ad m in is tra tio n  are  the  m ea n  of a t lea s t 7 daily  
collections fo r th e  fo rm er a n d  a t least 5 days fo r th e  la tte r ,  w ith  one exception. T he study  
on in ta c t  cow  J-2 w as co n tin u ed  fo r only 2  days a f te r  th e  cessation  of PTE trea tm en t. The 
values d u rin g  PTE ad m in is tra tio n  to  th e  in ta c t cows are  th e  average of a 7-day period. 
V alues d u rin g  PT E  ad m in is tra tio n  to th e  parathy ro idec tom ized  (P T X ) cows are th e  average 
of 10 days fo r cow  J-3 an d  8 days fo r cow G-4.
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tained throughout the period of parathyroid 
extract administration. Following cessa
tion of extract administration a decrease 
in plasma calcium to below control levels 
was observed (fig. 2). This was most pro
nounced in the parathyroidectomized cows 
where the plasma calcium fell to as low as 
1.75 mmoles/liter and required over a 
week to return to the control level.

Urinary calcium. The daily urinary 
excretion of calcium ranged from 5 to 20 
mmoles per day in both intact and para
thyroidectomized cows (fig. 3). Parathy
roid extract administration led to an in
crease of urinary calcium in all but one 
trial. The maximal increase was only 2.5- 
fold.

Fecal calcium. Fecal calcium excretion 
increased during parathyroid extract ad
ministration in all but one trial (G-4 
intact) and was elevated in the period 
following extract administration in all in
stances (fig. 3). The increases which oc
curred during parathyroid extract treat
ment expressed as a percentage of control 
values, that is, the period preceding ex
tract administration, ranged from 4 to 
23%. The increase above control levels 
during the post-parathyroid extract period 
ranged from 15 to 30% .

Calcium kinetics. After 5 to 7 days of 
parathyroid extract administration to the 
parathyroidectomized cows, bone resorp
tion and endogenous fecal calcium in
creased (table 2). In cow J-3 bone ac
cretion and calcium absorption clearly 
decreased during the last 3 days of parathy
roid extract administration, and calcium 
absorption decreased further following the 
cessation of extract administration. In 
cow G-4, changes in calcium absorption 
during parathyroid extract administration 
were less clear-cut; however, a slight de
cline began during the latter period of ex
tract administration and became more pro
nounced after treatment ceased (table 2). 
In both cows, calcium absorption remained 
depressed for approximately one week after 
the period of extract treatment and then 
returned toward pretreatment levels. Data 
on bone calcium flows during the post
parathyroid extract period, available from 
cow J-3 only, show a decrease of both 
bone resorption and accretion (table 2).

DISCUSSION

Calcium excretion. Although urinary 
calcium was slightly increased by parathy
roid extract administration, the bulk of the 
increase in calcium excretion during and 
following parathyroid extract administra
tion, which was observed in both intact 
and parathyroidectomized cows, was via 
the feces( fig. 3). The kinetic data from 
the parathyroidectomized cows (table 2) 
suggest that the increased fecal calcium 
during parathyroid extract administration 
was the result of both decreased absorp
tion and increased endogenous secretion, 
whereas the elevated fecal calcium output 
following parathyroid extract treatment 
appeared to be solely the result of di
minished calcium absorption.

The decline in calcium absorption may 
not have been due to a direct effect of 
parathyroid extract upon the gut since it 
did not become pronounced until after sev
eral days of extract administration. Also, 
calcium absorption declined still further 
and persisted for several days after extract 
administration was discontinued (table 2).

Plasma calcium homeostasis. Results 
of previous investigations have tended to 
minimize the role of the parathyroid glands 
in calcium homeostasis of cows (see in
troduction). In our experiments, the con
sistent elevation of plasma calcium follow
ing parathyroid extract administration (fig.
2) demonstrates that parathyroid extract 
is effective in the cow. Furthermore, the 
kinetic data suggest that increased bone 
resorption was involved in the elevation of 
plasma calcium (table 2). This is con
sistent with a direct effect of parathyroid 
hormone on bone as demonstrated by a 
variety of in vitro and in vivo techniques 
using other species of animals (14). These 
observations, together with the recent dem
onstration that the parathyroid glands of 
the cow respond to changes in plasma cal
cium concentration (8), lead us to con
clude that the parathyroid glands are cap
able of performing an important role in the 
calcium homeostasis of the cow.

Failure to produce hypercalcemia of the 
degree reported in other species (7) ap
pears to be related to the dosage used 
rather than a refractory response in the 
cow. The degree of hypercalcemia induced 
by parathyroid extract administration in
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our cows was similar to that observed in 
the dog, provided the dose rates are ex
pressed as a function of body weight, kg0 75. 
The Pharmacopoeia defines 100 units of 
parathyroid extract as raising the plasma 
calcium by 0.25 mmole/liter in a 10-kg 
dog (16), a dose rate of 17.8 units/kg075. 
Using cow J-2 for an example, the dose 
rate per day was 3000 units/427 kg, or
31.9 units/kg0,75, and its plasma calcium 
increased 0.43 mmole/liter (table 1 and fig.
2). On this basis, the dose for the cow 
was 1.8 times that of the dog, and the in
crease in plasma calcium concentration 
observed in the cow was 1.7 times that 
defined in the dog.

An association between hypocalcemia 
and diminished calcium absorption in cows 
has been previously suggested by experi
ments involving food deprivation (16) and 
hyoscine-induced intestinal hypomotility
(17). In our experiments, hypocalcemia 
associated with decreased calcium absorp
tion was observed in the parathyroidec- 
tomized cows after cessation of parathy
roid extract administration, and the sub
sequent return of calcium absorption 
toward pretreatment values was paralleled 
by a rise in plasma calcium concentration 
(fig. 2 and table 2). The observation of 
increased fecal calcium in the intact cows 
during the period immediately following 
cessation of extract administration (fig. 3) 
suggests that diminished calcium absorp
tion may have contributed to the hypo
calcemia also observed in the intact cows 
(fig. 2). These results further support the 
contention that under certain conditions 
calcium absorption may be important in 
the maintenance of a normal plasma cal
cium concentration in cows (17).
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Percutaneous Absorption of Vitamin B12 
in the Rat and Guinea Pig
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A B S T R A C T  T he p ercu tan eo u s abso rp tion  of v ita m in  B ,2 by th e  r a t  and  g u in ea  pig 
w as investiga ted . G row th ex p erim en ts in  w ean lin g  ra ts  in d ica ted  th a t  the  v ita m in  w as 
efficiently absorbed in  a n  active fo rm . Studies w ith  57Co-labeled cyanocobalam in  dem 
o n stra ted  th a t  absorp tion  w as m ore efficient from  a n  e th an o l so lu tion  th a n  fro m  w a te r 
or d im ethy l su lfox ide a n d  w as in d ep en d en t o f the  q u a n tity  o f v ita m in  applied  to  a 
given area . T he sk in  w as fo u n d  to ac t as a  reservo ir absorbing larg e  am o u n ts  of 
cyanocobalam in  an d  re leas in g  i t  slowly to o th er tissues. A bsorption  w as s im ila r in  the  
2 species studied .

Vitamin B,2 is very difficultly absorbed 
from the gastrointestinal tract despite the 
fact that of all the essential nutrients it 
alone has a known specific mechanism to 
facilitate its absorption. There are reports 
that the vitamin is absorbed sublingually 
(1) and by nasal inhalation (2), but none 
indicate whether it is absorbed into or 
through the skin.

Because of the reports that dimethyl 
sulfoxide (DMSO) enhances the percu
taneous absorption of many organic mole
cules, experiments were conducted in the 
laboratory rat to determine whether DMSO 
would bring about the absorption of vita
min B«. Somewhat unexpectedly, it was 
observed that the vitamin was well ab
sorbed through the skin from either a 
DMSO, an ethanolic or aqueous solution. 
The present report describes the results ob
tained in demonstrating this phenomenon, 
some of the factors which influence it, and 
its occurrence in the guinea pig as well as 
in the rat.

EXPERIM ENTAL

Growth experiments. The first experi
ments were performed to determine wheth
er cyanocobalamin applied to the skin in 
DMSO would stimulate growth of wean
ling rats consuming a vitamin Bisrdeficient 
diet. Male rats of the Holtzman strain 
were separated into groups of eight, housed 
individually and allowed free access to food 
and water. The percentage composition of 
the diet was: soybean meal, 60; glucose, 
23.9; salt mixture (3), 4; partially hy

drogenated fat,2 10; cod liver oil, 2; thy
roid powder,3 0.1; and a vitamin adden
dum 4 lacking only vitamin Bi2. With such 
a diet it had been established previously 
that 0.1 ug cyanocobalamin/rat/day usu
ally produced a maximal growth response
(4). On the assumption that only a small 
fraction of the topically applied vitamin 
would be absorbed, 5 ug of cyanocobalamin 
in 0.03 ml of DMSO or water were applied 
daily in experiment 1 (table 1) to a 6-cm2 
shaved area on the backs of the animals. 
They were weighed at 5-day intervals and 
finally at 28 days when they were killed.

In experiments 2 and 3 (table 2) only 
0.1 Mg of cyanocobalamin in 0.03 ml of 
solution was applied to the rat, the experi
ments being identical in all other respects.

Tracer experiments with radioactive 
vitamin Em. To quantitate the effect more 
accurately and to extend the initial ob
servations, experiments were performed 
using vitamin B,2-57Co. In experiment 4 
(table 3) absorption from water, 90% 
DMSO and ethanol were measured using 
2 concentrations, 0.025 Mg and 2.5 Mg 
cyanocobalamin in 0.03 ml of solution and 
2 contact periods, 2 and 5 days. The solu
tions, each containing several tenths of a 
microcurie of radioactivity per dose, were

R e c e iv e d  fo r  p u b lic a t io n  J a n u a r y  14 , 196 7.
1 M e rc k , S h a rp  a n d  D o h m e R e se a rc h  L a b o ra to rie s .
2 M F B , H u n t-W esso n  C o m p a n y , F u lle rto n , C a lifo r n ia .
3 A rm o u r L a b o ra to rie s , K a n k a k e e , I llin o is .
4 M ic ro n u trie n ts  p e r 100 g o f  fo o d : # ( in  m ill ig r a m s )  

th ia m in e -H C l, 1.0 ; r ib o fla v in , 2.0; p y r id o x in e • H C1, 1.0 ; 
C a  p a n to th e n a te , 10.0; n ia c in a m id e , 10.0; in o s ito l, 5.0; 
c h o lin e , 100.0; p -a m in o b en zo ic  a c id , 30.0; b io tin , 0.05; 
fo lic  a c id , 0.2; a-tocop h ero l, 14 .2; a n d  m e n a d io n e , 14.2.

J . N u t r it io n , 9 2 : ’67 2 6 1
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TABLE 1
E ffec t o f  5 fig cyanocoba lam in  applied  to sk in  on  g row th  o f w ea n lin g  rats (exp . 1)

Diet Topical
application

Avg 28-day 
w t gain i

P
value

B asa l 156 ± 1 4 .1  2 —

B a sa l+ 0 .1 %  thy ro id  pow der 134 ± 2 3 .8 —

B asa l +  0.1%  thy ro id  pow der +  
10 fig c y an o co b a lam in /k g  d ie t 182 ± 3 6 .2 0.01

B a sa l+ 0 .1 %  th y ro id  pow der 5 pg  cyanocobalam in  in  0.03 m l DMSO 3 188 ± 2 3 .2 0.01

B asa l +  0.1%  th y ro id  pow der 5 fig cyanocobalam in  in  0.03 m l H 20 185 ± 1 7 .0 0.01

B a sa l+ 0 .1 %  thy ro id  pow der 0.03 m l DMSO 3 113 ± 2 4 .5 —

B a sa l+ 0 .1 %  thy ro id  pow der +  
10 fig cy an o co b alam in /k g  d ie t 0.03 m l DMSO 185 ± 2 5 .4 0.01

1 E igh t ra ts /g ro u p .
2 SD .
3 DMSO ind ica tes d im ethyl sulfoxide.

applied to a 6-cm2 shaved area on the backs 
of male Holtzman rats weighing about 200 
g and the applied areas were covered by 
gauze bandages held in place by adhesive 
tape circling the bodies of the animals. 
The rats were housed individually in me
tabolism cages to permit the collection of 
urine and feces, and were allowed unre
stricted access to laboratory ration and 
water. After the designated time they were 
killed, the skin was excised from the area 
of application and the bandage and skin 
section were washed with portions of de
tergent solution.5 Combined skin and band
age washings were diluted to 100 ml with 
water, as were urine samples, and the 
fecal samples were suspended in 100 ml 
water for assay. All radiometric measure
ments were made by gamma-ray scintilla
tion counting. Urine, feces, washings and 
whole carcasses were measured in a Tobor 
large-volume counter, and the washed skin 
samples were measured in the Autogamma 
instrument for small volume.

In rat experiment 5 absorption of cyano- 
cobalamin from ethanolic solution was 
compared at 4 concentrations (0.025, 0.25,
2.5 and 25 ug/0.03 ml) at 3 contact times; 
2 hours, 2 days and 5 days. Experiment 6 
was designed to investigate the role of the 
skin as a depot or reservoir of vitamin Bi2 
after topical application. Four groups of 
5 rats each were treated as described pre
viously with 0.03 ml of ethanolic solution 
containing 2.5 ag of radioactive cyanoco
balamin. The animals were killed at 5, 10,

19 and 40 days and appropriate measure
ments made. Urine and feces of all sur
viving animals were collected daily.

The purpose of the seventh and final 
experiment was to show that the observed 
absorptive process is not peculiar to the 
rat. Ten female guinea pigs of approxi
mately 300 g in weight were subjected to 
experimental procedures similar in all de
tails to those of experiments 6 with the 
following exceptions. One animal died on 
the sixth day and was examined at the 
time of death, 4 were killed on day 13 and 
the remaining five were killed on day 24.

RESULTS

The average 28-day weight gains in the 
growth experiments (exps. 1-3) are shown 
in tables 1 and 2 together with standard 
deviation. Also reported are probability 
values of differences, based on compari
sons with basal diet +  0.1% thyroid pow
der, calculated by the method of analysis 
of variance. Growth responses obtained 
(table 1) with daily topical application of 
5 ag of cyanocobalamin were significant 
(P =  0.01) and equivalent to ad libitum 
feeding of 10 ug/kg diet. Even the low 
dose of 0.1 ug/day when applied topically 
to the skin caused a maximal growth re
sponse. The DMSO and aqueous solutions 
were equally active.

Group average absorption results as per
centage of dose in experiment 4 are re-

5 75 m l w ate r con ta in ing  5 drops of PH isoH ex 
(W in th rop  Laboratories, N ew  Y ork).
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corded in table 3. These data show absorp
tion from all 3 vehicles but that absorption 
from ethanol is definitely superior to that 
from water or DMSO which were again 
essentially equal. The apparent lower total 
absorption observed at 5 days as com
pared with 2 days is probably the result 
of variations between animals (note high 
incidence of large standard deviations). 
Such variability was not encountered fre
quently in later experiments. This may 
also be due to variable retention of vitamin 
by the bandage.

The data obtained in the performance 
of experiment 5 are compiled in table 4 
and show that the dose-response (total ab
sorption) curves are approximately of a 
log-log type, characteristic of an adsorp
tion process. This is true of all 3 time- 
intervals studied; and the slopes of the 
log-log curves are about equal. Initial ab
sorption was rapid, and remained essen
tially constant between 2 hours and 2 days, 
but increased approximately 2.5-fold be
tween 2 and 5 days. Individual absorption 
was variable but under the conditions of the 
experiment does not appear to be a func
tion of the quantity of the vitamin applied.

Table 5 is a compilation of group aver
age values obtained in experiment 6 ex
pressed as percentage of dose. These fig
ures show that the skin acts as a storage 
depot for vitamin Bi2, gradually releasing 
the vitamin for use in other body tissues. 
This is shown by 1) the gradual decrease 
in skin radioactivity with time; 2) the con
comitant increase in carcass activity; and 
3) the continuous elimination of radio
activity in urine plus feces. Thus increases 
in elimination of radioactivity in excreta 
and increases in carcass concentrations 
occur at the expense of a parallel decrease 
in skin radioactivity. Excretion during the 
first 5 days is negligible, but increases 
thereafter reached a maximum in about 
20 days and were still high 40 days after 
topical application. Animals varied con
siderably in the permeability and retentiv- 
ity of their skin to radioactive vitamin Bi2. 
In many cases high skin retentivity was 
accompanied by low urinary output.

The results of experiment 7 are sum
marized in table 6. Despite great variabil
ity between animals, the carcass and ex
creta activities of the guinea pig increased
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at the expense of a diminishing skin radio
activity, just as observed with the rat. This 
behavior indicates that the skin of the 
guinea pig also serves as a depot source 
for vitamin B,2. Values for skin plus band
age washings are recorded in tables 5 and 
6 as an indication of the radioactivity ac
countability achieved in these experiments. 
Although somewhat variable, an average of 
96% of the activity is accounted for.

Preliminary experiments with radioac
tive hydroxocobalamin applied to the rat 
indicated considerably higher percutane
ous absorption of cyanocobalamin.

DISCUSSION

Cyanocobalamin appears to be readily 
absorbed through the skin. This is evident 
from the growth study as well as from the 
tracer measurements.

Furthermore the stimulation of growth 
of rats receiving a vitamin B12-ceficient diet 
shows that the topical vitamin is absorbed 
in a form active for growth production. 
It was unexpected that the percentage ab
sorbed remained fairly constant over the 
wide range of concentrations used.

In the growth studies we were con
cerned that although the most inaccessible 
area of the back was used as the site of 
application, some of the vitamin might be 
transferred to the paws of the rat and 
thence to its mouth. Since in experiments 
2 and 3 the quantity applied wTas that pre
viously shown to be the minimum required 
to produce maximal growth when given 
parenterally (4) it did not appear likely 
that oral ingestion was an important factor.

In view of an earlier report (5) that 
50% of a subcutaneous dose of vitamin 
B12 was excreted in the urine and 6% in 
the feces, the reversed ratio of these par
ameters in the present experiment may re
quire a word of explanation. In the former 
experiment in which the vitamin was ad
ministered parenterally, the vitamin prob
ably appeared immediately in the blood 
stream in high concentration and conse
quently was excreted to a large extent by 
the kidney. However, during slow percu
taneous absorption, blood levels probably 
never become excessively high, but over a 
period of time the vitamin is excreted in 
the bile and appears in the feces.
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TABLE 6
Percuaneous absorption  o f cyanocobalam in-57Co (2.5 pg) fro m  e th a n o l so lu tion  

by th e  g u inea  p ig  (exp . 7)

Percu taneous absorption  of cyanacobalam in-57Co
pigno. Skin Carcass Urine +  

feces
Total 

retention i
W ash +  
bandage Total

% of dose % of dose % of dose % of dose % of dose % o f dose
(1 0 )  2 (7 .1 ) (0 .1 7 ) (0 .0 7 ) (7 .4 ) (8 7 .4 ) (9 4 .8 )

l 3 13.2 0.40 0.15 13.8 83.6 97.4
2 6.7 0.51 0.18 7.4 91.6 99.0
3 4.61 2.47 2.07 9.1 90.1 99.2
4 17.9 0.73 0.25 18.9 92.6 111.5

A v g ±  SD 10.6 ± 6 .1 1.03 ± 0 .9 7 0.66 ± 0 .9 4 12.3 ± 5 .1 7 89.5 ± 4 .0 5 1 0 1 .8 ± 6 .5 3

5 4 5.62 4.84 9.7 20.2 77.5 97.7
6 1.29 2.25 3.41 6.95 86.5 93.5
7 2.43 0.57 0.18 3.18 96.0 99.2
8 1.20 0.99 0.34 2.53 101.8 104.3
9 2.32 0.73 0.26 3.31 98.7 102.0

Avg ±  SD 2.57 ± 1 .8 0 1.88 ± 1 .7 8 2 .7 8 ± 4 .1 0 7.2 ± 7 .4 5 92.1 ± 9 .9 7 9 9 .3 ± 4 .1 4

1 Sum  of sk in , carcass an d  u rin e  +  feces values. 
8 D ied on six th  day, n o t inc luded  in  average.
3 Nos. 1—4 killed on day 13.
* Nos. 5 -9  killed  on day 24.

Hyman (1) has reported that absorption 
of the vitamin does not occur sublingually 
in pernicious anemia patients but Monto 
and associates (2) observed absorption by 
such patients by the nasal route. It would 
be unexpected indeed if intrinsic factor 
were found to play a part in percutaneous 
absorption.

The observation that large quantities of 
the vitamin pass rapidly into the skin from 
whence it is slowly released to other tissues 
presents possibilities for a long-lasting phar
maceutical preparation if subsequent clin
ical experiments show that these results 
are translatable to man. The literature on 
the effect of massive parenteral doses of 
vitamin Bi2 on certain peripheral disorders 
such as trigeminal neuralgia is voluminous 
and controversial. Clear-cut cases of vita
min B12 deficiency, i.e., those responding to 
physiological doses of the vitamin, have 
been recorded in which the symptoms were 
not those of classic vitamin BJ2 deficiency 
(6, 7).8,7,8 Hence it is possible that any or 
all effects of vitamin Bu may be due to cor
rection of nutritional deficiencies rather 
than to pharmacological effects. The large 
amounts of the vitamin required may be 
due to poor utilization or to inefficient 
transport to the site where needed. For this 
reason it is possible that topical application

in the treatment of a disease such as tri
geminal neuralgia may be more effective 
than parenteral administration.
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Specific Hunger for Thiamine in the Rat: Selection of 
low concentrations of thiamine in solution 1,2
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A B ST R A C T  A study  w as m ad e  to de te rm in e  w h e th er ra ts  given a  th iam in e-free  
d ie t c an  d iffe ren tia te  betw een  th iam in e -co n ta in in g  a n d  th iam in e-free  so lu tions an d  
ob ta in  sufficient th ia m in e  in  th is  m a n n e r  to m a in ta in  grow th. R ats fed  a  th iam in e- 
free  d ie t an d  g iven a choice be tw een  a th iam in e -co n ta in in g  (0 .4  ;u g /m l) an d  a th i
am ine-free  so lu tion  w ere able to o b ta in  sufficient th ia m in e  to su p p o rt a  g row th ra te  
close to  th a t  of th e ir  litte rm a te s  fed  con tro l d iets. W hen  th e  ra ts  w ere given a  choice 
be tw een  a  so lu tion  a t  pH  3.5 c o n ta in in g  th ia m in e  a n d  a n  id en tica l th iam in e-free  
so lu tion , a  c lea r  p re fe ren ce  w as show n fo r th e  th ia m in e  solu tion . W h en  th e  choice 
w as be tw een  th ia m in e  a t  pH  3.5 a n d  d istilled  w a ter, th ere  w as no  p re fe ren ce , b u t th e  
ra ts  in c reased  th e ir  flu id  in ta k e  to th e  p o in t w h ere  th ey  ob tained  sufficient th iam in e  
fo r n o rm al grow th. T he absence of a  p re fe ren ce  m ay  be in d ica tiv e  of a n  avo idance of 
th e  acid  so lu tion . W hen  th e  choice w as be tw een  th ia m in e  a n d  o x y th iam ine , u sed  as a 
ta s te  con tro l, th ere  w as n o  p re fe ren ce  n o r w as th e re  an  increase  in  flu id  in tak e , an d  the  
ra ts  fa iled  to grow. T h is la tte r  case in  p a r tic u la r  is tak e n  as evidence fo r  a  hypo thesis 
th a t  th e  th iam ine-defic ien t r a t  c an  d e tect th ia m in e  v ia  a  specific recep to r p re sen t in  
th e  o ral cavity .

Since Harris and co-workers (1) first 
discovered that vitamin B-deficient rats 
would select vitamin B-adequate foods 
from their environment, the existence of 
a specific hunger for thiamine has been 
demonstrated many times (2-6). Little 
difficulty has been encountered in demon
strating a specific hunger for thiamine con
tained in solid diets, but investigators have 
not been able to demonstrate a specific 
hunger for thiamine in solution (6); how
ever, Luria (7) reported that thiamine- 
deficient rats will press a lever for a thi
amine-containing solution more times than 
nondeficient rats.

The obvious difference between the situ
ation where thiamine is in the diet and the 
situation where thiamine is in solution is 
the separation in time and space between 
thiamine and food in the latter case; and 
different responses from deficient animals 
in these 2 situations would imply some
thing fundamental in the mechanism by 
means of which a choice is made. A con
ditioned response (in the classic Pavlovian 
manner) should be developed in the same 
way whether the thiamine is chosen from 
a diet or from solution, if such a response 
is in fact learned. Moreover, the develop
ment of a specific hunger response to a

nutrient in solution has been demonstrated 
by Richter (8) in the case of sodium pref
erence by adrenalectomized rats, and by 
Richter and Eckert (9) in the case of cal
cium preference by parathyroidectomized 
rats.

The present study was undertaken to 
reinvestigate the possibility of a specific 
hunger for thiamine in solution, and to 
further elucidate the mechanism which 
could lead to the development of such a 
response.

MATERIALS AND METHODS

Solutions containing thiamine or oxy
thiamine 3 were adjusted to pH 3.5 by the 
addition of hydrochloric acid to provide 
minimal decomposition during experimen
tal trials. Concentrated stock solutions of 
thiamine and oxythiamine were stored in 
the cold and used to prepare the working 
solutions. Working solutions of thiamine 
and oxythiamine were prepared fresh daily * 1 2 3

Received fo r pub lica tion  Decem ber 30, 1966.
1 This w ork w as supported  in  p a r t by Public  H ealth  

Service R esearch  G ran t no. AM-07390 from  the  N a
tional In s titu te  of A rth ritis  and  M etabolic Diseases, 
and  T ra in in g  G ran t no. GM-1337.

2 C ontribution  no. 1017 from  the  D epartm ent of 
N u tritio n  and  Food Science, M assachusetts In stitu te  
of Technology, Cam bridge, M assachusetts 02139.

3 T hiam ine an d  oxythiam ine obtained from  Calbio- 
chem , New York.
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TABLE 1
Diets

Control Thiamine-
deficient

% %
C asein 22.0 22.0
Sucrose 16.4 17.0
D extrose 30.0 30.0
D ex trin 14.8 14.8
Salt m ix  H  1 5.0 5.0
V itam in  m ix  2 1.0 1.0
C holine 0.2 0.2
C orn oil 10.0 10.0
T h iam in e  m ix  3 0.6 —

1 Salt m ix  B (H arpe r, A. E. 1959 J. N u tr., 68: 
405) p lus N a2Se03-5H20 , 1.5 x 10-3 % of sa lt m ix.

2 V itam in  m ix  supplied the  fo llow ing/100 g dry  d iet: 
v itam in  A, 400 IU ; v itam in  D, 40 IU ; di-a-tocopheryl 
acetate, 25 IU; an d  ( in  m illig ram s) m enadione, 0.05; 
riboflavin, 0.5; n iac in , 2.5; pyridoxine, 0.5; Ca p a n 
to thenate , 2.0; folic acid, 0.05; bio tin , 0.02; and  
v itam in  B 12, 0.003.

3 200 fig  th ia m in e /g  sucrose.

at concentrations of 0.4 ug/ml. The ex
perimental diets were prepared according 
to table 1.

Male ra ts4 weighing 80 to 90 g were 
divided into 7 experimental groups (see 
table 2 for experimental design). They 
were housed in individual steel cages with 
wire-mesh bottoms, in a temperature- and 
humidity-controlled room with a constant 
light-dark cycle of 12 hours. The rats were 
fed ad libitum. The diet was provided in 
porcelain feeding cups and changed daily. 
Body weights were recorded every other 
day of the test period.

A thiamine-deficient control group was 
provided by the 7 animals fed the deficient 
diet that had access to water only. The re
maining animals were offered the choices 
indicated in table 2. Fluid intakes were 
recorded daily. The solutions were in grad
uated cylinders fitted with rubber stoppers

and drinking spouts. The position of the 
cylinders was varied from left to right on 
consecutive days to eliminate side prefer
ences as controlling factors.

The rats offered the choice between the 
thiamine solution and either the pH 3.5 
solution or distilled water were the test 
groups. Those with the choice between thi
amine and oxythiamine were included as 
a taste control. The taste of thiamine and 
oxythiamine appeared identical to a num
ber of individuals in the experimenters’ 
laboratory. However, it was impossible to 
know a priori whether the taste would 
appear identical to normal or thiamine- 
deficient rats. Although oxythiamine is an 
antimetabolite of thiamine, it acts strictly 
by competitive inhibition, does not have 
access to the nervous system, and has an 
inhibition ratio greater than 100:1 (10). 
Therefore the animals in this study would 
have to drink in excess of 100 ml of the 
oxythiamine solution for every milliliter of 
thiamine solution for any significant anti
metabolite effect to occur.

RESULTS
Rats fed a thiamine-deficient diet showed 

a significant preference for a solution con
taining 0.4 iig thiamine/ml over a pH 3.5 
solution (group 2A in fig. 1 and table 3). 
None of the other groups showed a statis
tically significant preference for the thi
amine solution. The choice of thiamine by 
group 2A was reflected in a growth rate 
comparable to that of rats fed the control 
diet, particularly after the choice was 
established (fig. 2). Although the weight 
gain of group 2A can be correlated with

4 H oltzm an, M adison, W isconsin.

TABLE 2
E xp erim en ta l design  o f stud ies to m easure preference fo r so lu tions o f th ia m in e

Group Animal
nos. Diet Choice 1

A 1-7 th iam ine-defic ien t h 2o
1 8 -1 3 contro l th ia m in e  2 vs. o xy th iam ine
1A 14-19 th iam ine-defic ien t th ia m in e  vs. o x y th iam ine
2 20 -2 5 contro l th ia m in e  vs. pH  3.5 3
2A 26-31 th iam ine-defic ien t th iam in e  vs. pH  3.5
3 32 -3 7 contro l th ia m in e  vs. H 2O
3A 3 8 ^ 3 th iam ine-defic ien t th ia m in e  vs. H 2O

1 Both so lu tions w ere presen ted  sim ultaneously  an d  the position  of the  bottles altered  from  le ft 
to r ig h t on consecutive days.

2 T hiam ine an d  oxyth iam ine solutions (0 .4  /ig /m l)  w ere p repared  in  solutions of d istilled  w ate r 
ad justed  to pH  3.5 w ith  hydrochloric acid.

3 pH  3.5 solutions w ere p repared  by add ition  o f hydrochloric acid  to d istilled  w ater.
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Doy

Group 1 C o n t r o l  D i et 
Ch oi c e  Between Thiamine and 

oxy thiamine

Day

Group 1A D e f i c i e n t  Di et  
Choi ce  Between Thiamine and 

oxythiamine

Group 2 Contr ol  Diet  
C h o i c e  Between Thiamine and 

pH 3.5

Day
Group 2 A  D e f i c i e n t  Diet  

C h oi c e  Between Thiamine and pH 3.5

Group 3 C ont r ol  D i e t  
C h o i c e  Between Thiamine and HgO

Group 3 A  D e f i c i e n t  Di et  

C h o i c e  B et w ee n Thiamine and H20

Fig. 1 M ean daily  group p reference  fo r th iam in e-co n ta in in g  so lu tion  (m illilite rs  th iam in e -co n ta in 
ing  solu tion  c o n su m ed /m illilite rs  to ta l flu id  in ta k e ).
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TABLE 3
M e a n  g ro u p  p re fe r e n c e  fo r  th ia m in e -c o n ta in in g  

s o lu tio n  o v er  e n tir e  e x p e r im e n ta l  p e r io d

Group 1 Choice for 
thiamine

Chi
square 2

i
%

47.2 ± 5 .5  3 6.5
2 5 1 .7 ± 3 .6 6.3
3 42.0 ± 8 .5 10.3 4
1A 49.8 ± 4 .4 4.7
2A 63.7 ± 5 .0 50.0 5
3A 46.5 ± 5 .8 7.2

1 See tab le  2 fo r group description.
2 A ssum ing expected m ean  equals 50% .
3 M ean -+- s d .
4 Ju s t significant, 0.95 <  P >  0.90.
5 Very h igh ly  significant, P >  0.999.

the choice for thiamine, another explana
tion is required for the growth response of 
group 3A (rats fed the deficient diet but 
given a choice between thiamine and dis
tilled water), since these animals did not 
show a thiamine choice. The animals in 
group 1A (deficient diet, choice between 
thiamine and oxythiamine) neither made 
a choice for thiamine nor maintained body 
weight.

Figure 3 shows the growth response of 
typical animals from group 2A (animal 
30) and group 3A (animal 43), since re
sponses of individual animals may some
times be of greater significance than the 
overall group response. Although animal

~i I I I— I— I— I— I— r

1 Control Diet Thiamine vs Oxythiamine
2 Control Diet Thiamine vs pH 3.5

~  3 Control Diet Thiamine vs HgO / -
-  1A -Thiamine Diet Thiamine vs /  

Oxythiamine / / / I

“  2A -Thiamine Diet Thiamine / / /

_ 3A
vs pH 3.5 jy  /  

-Thiamine Diet Thiamine^y/
-

vs pH H20 / /
-  A -No Thiamine, /  / 9  A

?  4 0 -

- l— i. i I I i I

/ 3Ah

i i  i i  i i

Fig.

4 8 12 16 20 24 28
Time (Days)

2 D aily  ch an g e  in  body w eight.

F ig. 3 D aily  ch an g e  in  body w eigh t fo r in d i
v id u a l ra ts  fed  th iam ine-defic ien t d iets.

43 did not show a preference for the thi
amine solution (fig. 4), it ingested suffi
cient thiamine to account for the weight 
gain shown in figure 3 by increasing its 
total daily fluid intake, thereby randomly 
receiving even more thiamine than animal 
30 (fig. 4). The concentration of thiamine 
in solution (0.4 ug/ml ) was such that 20 
to 25 ml of the thiamine solution would 
have had to have been consumed to ap
proximate the minimal daily requirement. 
Over the course of the experiment, ani
mal 43 had a total fluid intake of 861 ml 
(194 ug thiamine), and animal 30 had 
a total fluid intake of 549 ml (165 ug 
thiamine).

DISCUSSION

The results indicate that the preference 
of thiamine-deficient rats for thiamine- 
containing solutions depends upon their 
ability to distinguish thiamine in their en
vironment. When the choice was simple, 
that is, between thiamine or no-thiamine 
in otherwise identical solutions, the pref
erence was highly significant. When the 
choice was between thiamine at pH 3.5 
and distilled water, there was no prefer
ence, but the rats increased their overall 
fluid consumption to the point where they 
obtained sufficient thiamine to maintain a 
steady growth rate. It took a longer period 
of time for this latter group of rats ( group 
3A) to achieve a steady rate of growth 
than for the group 2A which showed thi
amine preference. Since the control group
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7 1 %  Overall 51 %  Overall

5 10 15 20

Day

A n im a l  43

I 2 3 4 5 6 7 8 9 10 1112 15 16 18 19 2021 22 23242527
Day

E
-  15

1 10

ki r  l i i
I 2 3 4 5 6 7 8 9 10 II 12 15 16 18 1920212223 24 25

Day

Fig. 4 C om parison of r a t  30 (g ro u p  2A, deficient d ie t)  and  r a t  43 (g ro u p  3A, deficient d ie t). P e r
centage of choice fo r th ia m in e  (m illilite rs  th iam in e -co n ta in in g  so lu tion  c o n su m ed /m illilite rs  to ta l fluid 
in ta k e ) ,  to ta l flu id  in ta k e , to ta l th ia m in e  in ta k e  (d a ily ) .
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(group 3) for the thiamine in pH 3.5 solu
tion versus distilled water showed a slight 
rejection of the acidic medium, it may be 
that this effect had an overriding influence 
on the ability of the deficient group to 
make a choice.

The group given the choice between thi
amine and oxythiamine never achieved a 
normal rate of growth and, in fact, con
tinued to lose weight over the course of 
the experiment. The failure of this group 
to maintain thiamine intake through in
creased fluid intake could possibly be re
lated to an aversion to acidic solutions. 
There did not, however, appear to be any 
marked difference in total fluid intake be
tween the control group (group 1) given 
the choice between thiamine and oxythi
amine and any of the other control groups 
(groups 2 and 3). If we accept the hypoth
esis that these 2 compounds have similar 
tastes to both normal and thiamine- 
deficient rats, then this result would indi
cate an important role for the sense of 
taste in the ability of the thiamine-deficient 
rat to distinguish between thiamine- and 
non-thiamine-containing solutions.

Rozin et al. (6) failed to detect a pref
erence for a thiamine solution versus water 
in 21-day thiamine-deficient rats. In our 
experiments a preference was detectable 
when both thiamine and water solutions 
were at pH 3.5, and the animals were 
presented the choice before the time 
when they were in the deficient state. This 
method of presentation allowed the rats 
continual access to the thiamine-contain
ing solution, and it is significant that the 
preference was not demonstrated until 
sufficient time had elapsed for the defi
ciency state to develop (fig. 1). It is pos
sible that 21-day deficient rats, which in 
our experiments lost approximately 30% 
of their initial body weight, consume so 
little water in the face of an unacceptable 
diet that the opportunity to make the pref
erence is lost; although the same investi
gators (6) reported that deficient rats 
would select a thiamine-containing solid 
diet (in this case the food would serve as 
its own reinforcement) and the choice 
might be much simpler than one in which 
the reinforcement to eating is contained 
in an otherwise nutrient-free medium (that 
is, the drinking water).

The observation that animals in various 
nutrient-deficient states are able to select 
the missing nutrient from their environ
ment raises the question of the mechanism 
by means of which the response can be 
made. Numerous hypotheses have been 
proposed to explain this effect, including 
that of association of a feeling of “well
being” by the animal with the missing nu
trient by Harris et al. (1) and Scott and 
Verney (4). Smith et al. (11) proposed 
that adrenalectomized rats learned to select 
a sodium diet through a need-reduction 
mechanism, and Richter (12) proposed a 
lowered threshold for sodium in the oral 
cavity which resulted in an enhanced taste 
sensitivity for sodium ions. Of particular 
relevance is the observation (7) that 
thiamine-deficient rats lever-press for thia
mine-containing solutions more often than 
nondeficient control rats. This indicates an 
immediate satisfaction of a physiological 
need by the thiamine solution for the de
ficient animals and an awareness of the 
presence of thiamine. Reinforcement of 
the thiamine-deficient animals, either to 
make a choice or to increase their fluid in
take, must occur a short interval after the 
solution is sampled in order for the re
sponse to be learned.

A possible explanation of the experi
mental results presented in this paper and 
of the observations by Rozin (13) and 
Rodgers and Rozin (14) that previously 
deficient and thiamine-repleted rats con
tinue to show a thiamine preference, is 
that the onset of thiamine deficiency either 
activates a specific receptor for thiamine 
in the oral cavity or causes such a recep
tor to appear. This would account for the 
ability of animals to make a selection and 
learn a response using the sense of taste 
as a detector. The continued thiamine pref
erence in repleted animals might be ex
plained if the receptor, once activated due 
to thiamine deficiency, becomes slowly in
activated over a period of time during 
which an adequate supply of thiamine is 
available to the animal.
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A B S T R A C T  T he effects of som e n u tr it io n a l a n d  h o rm o n al fac to rs  on  th e  level of 
th e  activ ity  o f m e th io n in e  ad en o sy ltran sferase  in  r a t  liv e r w ere  stu d ied  w ith  th e  fol
low ing  resu lts : 1 ) T hyroidectom y a n d  cortisone trea tm e n t in creased  th e  activ ity  of 
th is  enzym e w hereas ad renalec tom y a n d  ad m in is tra tio n  of bovine grow th horm one 
or triio do thyron ine  low ered  its  ac tiv ity  in  th e  liver. 2 )  T h e  activ ity  also ch an g ed  w ith  
d ie ta ry  p ro te in  con ten t. In ta c t an im a ls  fed  a  h ig h  p ro te in  d ie t h a d  h ig h  activ ity  b u t 
th e  adrenalec tom ized  (o r  hypophysec tom ized) a n im a ls  h a d  low  activ ities w h a tev er 
th e  p ro te in  c o n ten t of th e ir  diet. 3 )  E xcess m eth io n in e  added  to  a  27%  case in  d ie t 
c au sed  little  ch an g e  in  th e  activ ity . H ow ever, r a ts  fed  a p ro tein -free  d ie t supp lem en ted  
w ith  m eth io n in e  or its  2-hydroxy analogue  (b u t  n o t g lycine) re ta in e d  a  h ig h er level 
o f activ ity  th a n  those  on  th e  p ro tein -free  d iet. 4 )  S ta rv a tio n  fo r  2 days b ro u g h t about
a decrease in  th e  activ ity  w h ich  re tu rn e d  to

Recent progress in the investigation 
of biochemical reactions concerned with 
methylation continues to emphasize their 
importance (1,2). S-Adenosylmethionine 
occupies a central position as methyl donor 
in these biological reactions (2). It may 
also play a role in the regulation of the 
metabolism of single carbon units (3) and 
other intermediates (4). Methionine-adeno- 
syltransferase (ATP: L-methionine S-adeno- 
syltransferase, EC 2.5.1.6., henceforth re
ferred to as the transferase) is the enzyme 
responsible for the catalysis of the synthe
sis of S-adenosylmethionine from AIT and 
methionine (5). In this communication we 
shall present the results of our survey of 
some of the nutritional and hormonal 
factors involved in the regulation of the 
hepatic levels of activity of this transfer
ase, the liver being the animal (rat) tissue 
with a high concentration of the enzyme 
and of S-adenosylmethionine (6, 7).

EXPERIM ENTAL

Animals. Female rats of the Long- 
Evans strain weighing 145 to 200 g at the 
time of killing were used. They were main
tained with a commercial ration * 1 2 3 and tap 
water, but all the experimental animals 
were given diet N (table 1) ad libitum for 
7 days before killing, except where other
wise indicated. The hypophysectomized, 
adrenalectomized and thyroidectomized 
rats used were obtained from commercial

th e  n o rm al level in  th e  sub seq u en t 2  days.

sources.4 The adrenalectomized and hy
pophysectomized animals were provided 
with 1% of NaCl and 5% of glucose in 
drinking water, respectively.

Materials. The animals were given cor
tisone acetate,5 triiodothyronine,6 7 or growth 
hormone/ Other groups of rats fed diet F 
(protein-free) were given supplements of 
either methionine, glycine or calcium 
2-hydroxy 1-4-methylthio-n-bu tyrate.8

Enzyme assay. The assay procedure 
was adapted from the method of Cantoni 
and Durell (8) as modified by Mudd (9). 
The rats were decapitated without previ
ous fasting except in the starvation experi
ments. Their livers were homogenized in 
a Waring blender with 2.5 volumes of 
10 m M  acetic acid containing 5 m M  
2-mercaptoethanol and 0.2 m M  EDTA. 
The homogenate was centrifuged for 30 
minutes with 0.65 ml of a reaction mix-
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TABLE 1
C o m p o s it io n  o f  e x p e r im e n ta l  d ie ts

Diet 3 N H L F

C asein 27 64 8 _
S tarch 59 — 78 —

Sucrose — 22 — —

D extrin , w h ite — — — 84
Yeast, b rew er’s — 2 — —
Oil, corn 10 8 10 9
A gar — — — 3
Salt m ix tu re , 

USP XIV * 4 4 4
Salt m ix tu re , no. 2, 

USP X III 5 — 4 — —

1 T he source o f a ll d iets w as N u tritio n a l Biochem 
icals C orporation, Cleveland.

2 All diets w ere supplem ented  w ith  v itam ins m ade 
by add ing  1 kg of the  follow ing m ix tu re  to 45.5 kg of 
d iet: ( in  g ram s) v itam in  A cone (200,000 u n i ts /g ) ,  
0.25; a-tocopherol, 5.0; ascorbic acid, 45; inositol, 5.0; 
choline chloride, 75; m enadione, 2.25; p-am inobenzoic 
acid, 5.0; n iac in , 4.5; riboflavin, 1.0; pyridoxine-H C l, 
1.0; th iam ine-H C l, 1.0; Ca p an to thenate , 3.0; ( in  
m illig ram s) b io tin , 20; fo lic  acid, 90; and  v itam in  
B12, 1.35. Glucose w as added to th is  m ix tu re  to 
m ake 1 kg.

8 D iet M w as th e  sam e as d iet F  b u t supplem ented  
w ith  1.5% of DL-methionine; d ie t G as F  w ith  0.75% 
of glycine; d iet HO as d ie t F  w ith  1.7% of 2-hydroxy- 
4-m ethylthio-n-butyrate.

4 C ontained: ( in  per c e n t)  ca lc ium  carbonate , 6 .86; 
ca lc ium  citra te , 30.8; ca lc ium  b iphosphate , 11.3; m ag
nesium  carbonate , 3.52; m agnesium  su lfa te , 3.83; 
potassium  chloride, 12.5; dibasic po tassium  phosphate, 
21.9; sodium  chloride, 7.71; an d  1.62 of a  m ix tu re  con
ta in in g : ( in  per c e n t)  cupric  su lfa te , 0.48; ferric  
am m onium  c itra te , 94.3; m anganese  su lfate , 1.24; 
am m onium  alum , 0.57; po tassium  iodide, 0.25; and 
sodium  fluoride, 3.13.

5 C ontained: ( in  p er c e n t)  ca lc ium  b iphosphate , 
13.6; ca lc ium  lac ta te , 32.7; ferric  c itra te , 2.97; m ag
nesium  su lfa te , 13.7; dibasic po tassium  phosphate, 
24.0; sodium  b iphosphate , 8.72; an d  sodium  chloride, 
4.35.

ture, pH 7.6, of the following composition: 
20 m M  ATP, 20 m M  L-methionine, 8 m M  
reduced glutathione, 300 m M  MgCl2, 200 
m M  KC1, and 130 m M  Tris-HCl buffer, 
pH 7.6. The reaction was terminated by 
the addition of 0.25 ml of 6% HC10„. After 
centrifugation, a 0.5 ml-aliquot of the su
pernatant was shaken with 21.5 ml of Tris- 
HCl buffer (15 m M , pH 8.4) and 3 ml of 
a 50% suspension of Dowex-lxlO (chlo
ride form, 200-400 mesh) in a graduated 
test tube. The centrifuged supernatant 
was then read at 260 mu in a Beckman-DU 
spectrophotometer. A blank without sub
strate was run for each sample. A molar 
extinction coefficient of 15,000 was used 
to calculate the concentrations of S-adeno- 
sylmethionine. One unit of activity is de
fined as the amount of enzyme catalyzing 
the formation of 1 umole of S-adenosylme- 
thionine in 30 minutes at 37° in accord 
with other investigators (8,9). Protein 
concentrations were determined by the

modified biuret method (10) using crystal
ling bovine serum albumin as standard.

The livers from each group of 4 rats 
were pooled and the enzyme activity of 
each pooled sample was assayed in dupli
cate. Average values from duplicate ex
periments are reported. The individual val
ues, when calculated as a percentage of 
the control values, differ from the averages 
within ± 5%. Intact rats fed diet N were 
used as controls in each experiment. The 
actual values for the controls (68 rats) 
are as follows: 68 ±  1.5 units/g of pro
tein, or 11.2 ±  0.29 units/g of wet liver, 
or 42 ± 1.16 units/100 g of body weight 
at the time of killing. Data calculated on 
the initial body weight when starting the 
experiments are included only in table 2 
and one figure, since under the experi
mental conditions they do not alter the 
picture significantly. The effect of growth 
hormone on the body weight of the experi
mental animals as well as other details of 
the experimental procedures are described 
in the legends if they do not appear in 
Results.

RESULTS

Effect of diet and starvation
Protein content. After feeding groups 

of 4 rats each with diets containing zero 
to 64% of casein for 7 days, differences in 
both the specific and total activities were 
evident. With a high protein diet the en
zyme activity was high, whereas with a 
low protein diet the enzyme activity was 
low when compared with that of rats fed 
a balanced diet. The animals fed a pro
tein-free diet had the lowest activity
(fig. 1).

Effects of methionine and related com
pounds. The high transferase activity ob
served in the preceding experiments with 
rats fed diet H could have resulted from 
the presence of an excess of its substrate, 
methionine. Therefore we tested diet N 
supplemented with 1.22% of DL-methio- 
nine, an amount equivalent to that sup
plied by diet H. No significant change in 
the enzyme activity was observed; but rats 
that were fed diet M (a protein-free diet 
containing an amount of methionine equiv
alent to that in 45% of casein diet) for 
7 days had a higher level of the trans
ferase than those fed diet F. Its specific
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TABLE 2
E ffects o f m e th io n in e  a n d  rela ted  com pounds on  th e  a c tiv ity  o f the  m e th io n in e  

adenosyltransferase  o f ra t liver 1

E nzym e ac tiv ity

D ie t 2 U n it s /g  U n it s /g
protein  liver  w et w t

U n it s /1 0 0 g  U n its /1 0 0  g 
body w t in itia l

at k illin g  body w t

% o f in itia l activ ity
F 62 54 50 38
M 108 88 83 64
HO 90 82 75 55
G 71 60 57 41

1 E nzym atic  activ ities  in  th is  tab le and  th e figures are com pared under d ifferent cond itions and  
w h en  th e  a c tiv ities  are ca lcu la ted  on d ifferent bases. T he absolute v a lu es  for  n orm al controls are 
given  in  th e  la s t paragraph u n der “E xperim ental.”

2 Fed for 7 days. T he rats fed  th ese d iets a ll ate  approxim ately  th e sam e am ou nt o f fo o d /w eek . 
For a description  o f th e d iets see tab le  1.

Fig. 1 E ffect o f d ie ta ry  p ro te in  on  the  activ
ity  of m eth ion ine-ad en o sy ltran sferase  in  r a t  liver. 
R ats w ere fed  fo r  7 days w ith  d ie ts  F , L, N  and  
H co n ta in in g , respectively , 0, 8 , 27, an d  64% 
of case in  before  th e  enzym e activ ities of the 
livers w ere  assayed. D iagonal lin es pe r g p ro te in ; 
□  pe r g w et liver; ■  p e r 100 g body w eight.

activity in the livers of rats receiving diet 
M was slightly above the normal value; 
nevertheless the total activity was lower 
than that for the controls fed diet N. A 
glycine supplement was almost completely 
ineffective, whereas the hydroxy analogue 
of methionine was partially effective in 
maintaining the transferase level (table 2).

Effect of starvation. When rats were 
fasted for various times up to 4 days the 
results shown in figure 2 were obtained.

In the first 2 days of fasting, both the 
specific and total activities decreased. Sub
sequently there was an increase toward 
the normal levels. On the fifth day the 
activity per gram of liver was 142% of 
the control value. In this experiment a 
net increase in the activity from a lower 
level was observed.

Effect of hormones
Effect of cortisone and adrenalectomy. 

Adrenalectomy decreased whereas the ad
ministration of cortisone increased the

Fig. 2  E ffect of s ta rv a tio n  on  th e  activ ity  of 
m eth ion ine-ad en o sy ltran sferase  in  r a t  liver.
□ -------□  pe r g w et liver; O----------O p e r  100 g of
body w eigh t a t tim e of k illin g ; • -------•  pe r
100 g of o rig in a l body w e ig h t; A-------A p e r  g
pro tein .
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transferase activity in rat liver. Moreover, 
the response of the adrenalectomized ani
mals to cortisone was found to be greater 
than that of the intact ones (fig. 3).

Effects of hypophysectomy and of growth 
hormone. The removal of the pituitary 
gland brought about little change in the 
activity of the transferase. A slight in
crease was observed 3 weeks after hypoph
ysectomy. Assayed 2 weeks later, when 
the body weight was almost stable, the 
total activity per unit of body weight was 
a little below the normal level. However, 
the effect of growth hormone was quite 
apparent; the administration of 4 units of 
growth hormone daily for 4 days to the 
hypophysectomized rats decreased the 
transferase activity to about 70% of that 
of the untreated group (fig. 4). At the 
same time the average body weight of the 
rats increased from 145 to 163 g, a gain 
of 12%.

Effect of thyroidectomy and triiodothy
ronine. The effects of thyroidectomy and 
administration of 3,3',5-triiodo-L-thyronine 
(T3) are shown in figure 5. The removal of 
the gland caused an increase of the trans
ferase activity which quickly fell to a level 
below normal following a single injection 
of Ta. The intact rats responded to Tj in a 
similar way. After the administration of T3 
to the adrenalectomized rats the enzymatic

TREATM ENT

Fig. 3 E ffects of adrenalec tom y (A dX ) and 
cortisone ad m in is tra tio n  on  the  activ ity  o f me- 
th io n in e -ad en o sy ltran sfe rase  in  r a t  liver. B ila t
e ra l AdX w as pe rfo rm ed  18 days before  the  
ra ts  w ere k illed . A nim als w ere m a in ta in ed  w ith  
sa line  fed  in  th e  d rin k in g  w ater. C ortisone ace
ta te , 100 m g /k g  daily  fo r 2 days, w as given 
in trap erito n ea lly  in  a suspension  in  0.9%  of 
NaCl. T he con tro ls w ere  given th e  vehic le  a t 
the  sam e tim e. D iagonal lines pe r m g p ro te in ; 
□  pe r g w et liver; ■  p e r 100 g body w eight.

TREATMENT

Fig. 4 E ffects of hypophysectom y an d  grow th 
h o rm one a d m in is tra tio n  on  th e  activ ity  o f me- 
th io n in e -ad en o sy ltran sfe rase  in  r a t  liver. T he 
ex p erim en ta l ra ts  w ere hypophysectom ized 3 
(H 3 ) or 5 (H 5 ) w eeks before  k illing . G row th 
horm one dissolved in  0.066 M  p o tassiu m  phos
p h a te  buffer (p H  8.0, 8 u n i ts /m l)  w as a d m in 
istered  in trap erito n ea lly  a t th e  ra te  o f 4 u n its  
/ r a t / d a y  fo r 4 days. C ontrols w ere g iven the  
vehicle only. Average body w e igh t of ra ts  before 
grow th h o rm one trea tm e n t w as 145 g. A verage 
body w e igh t in crease  fo r  th e  trea ted  a n d  u n 
trea te d  groups w as 1 2 % an d  0% , respectively . 
D iagonal lines p e r m g p ro te in ; □  pe r g w et liver; 
■  p e r 100 g body w eight.

activity in the liver reached quite low 
values.

Combined effect of hormones 
and diet

In an attempt to gain some insight into 
the mechanism or mechanisms responsible 
for the increase of rat liver transferase 
activity caused by cortisone and by the 
high protein diet, the possible interdepend
ence of these 2 factors was tested. 1) The 
effect of feeding adrenalectomized or hy
pophysectomized rats with diets N and H 
was compared. As shown in figure 6, the 
response to the high protein diet was al
most completely abolished by the removal 
of either the adrenal or pituitary gland.
2) The effects of cortisone administration 
to the rats fed diets with different protein 
content were compared with the results 
shown in figure 7. The response occurred 
in the rats fed a protein-free diet as well 
as in those that received a normal diet. An 
additive effect was observed when rats 
were given both a high protein diet and 
cortisone.

DISCUSSION

In the discussion which follows we shall 
consider mainly the effects of diet and 
other forms of treatment on the relative 
specific activity of the methionine-adenosyl
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•TREATMENT

Fig. 5 E ffects of thyro idectom y (T h y X ) a n d  the  ad m in is tra tio n  of T 3 on th e  activ ity  of 
m eth ion in e -ad en o sy ltran sferase  in  r a t  liver. ThyX an d  AdX w ere p e rfo rm ed  5 an d  20 days, 
respectively , before  k illing . A single  dose of T3, 1 m g /k g , w as adm in iste red  in trap erito - 
nea lly  in  a  suspension  in  0.9%  of N aC l, 0.2 m g /m l. T he ra ts  w ere  k illed  24 h o u rs  la te r. 
C ontro ls w ere given th e  vehic le  only. D iagonal lin es p e r m g p ro te in ; □  pe r g w et liver; 
■  p e r 100 g body w eight.

TREATM ENT

Fig. 6 H orm ona l dependence of th e  response of m eth ion ine-ad en o sy ltran sferase  activ ity  
to d ie ta ry  p ro tein . Two w eeks a f te r  ad renalec tom y (A dX ) or hypophysectom y (H ypoX ), 
th e  ra ts  w ere fed  d iet N  or H fo r  7 days before  killing.

D IE T

Fig. 7 In fluence  of d ie ta ry  p ro te in  c o n ten t on  th e  effect of cortisone on  th e  activ ity  of 
m eth io n in e -ad en o sy ltran sferase  in  r a t  liver. R ats w ere fed  d ie t N , F , or H  fo r 7 days 
before k illing . For cortisone trea tm e n t, see figure 3.
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transferase in rat liver, that is, the relative 
differences in the activity of the enzyme 
per gram of total liver protein. However, 
it may be noted at this point that greater 
differences between controls and experi
mental animals are often observed when 
the data are expressed in other ways, for 
example, when the data are compared on 
the basis of units per 100 g of rat at time 
of killing. Manifestly, this situation pre
vails because the loss or gain of enzyme 
in different cases may be either the same, 
less than or more than the loss of total 
liver protein.

The influence of the level of dietary 
protein on the liver transferase is note
worthy. In going from a protein-free diet 
(F) to a high protein diet (64% of casein, 
H) the specific activity of the enzyme in
creases by a factor of two. This difference 
is apparently not entirely a result of the 
increase of available methionine with the 
high protein diet because when the normal 
diet (27% of casein) was supplemented 
with an equivalent amount of free methio
nine there was no difference in the trans
ferase activity. This result is similar to 
results of other studies made with arginase
(11) and threonine dehydrase (12). When 
a protein-free diet rather than a normal 
protein diet was supplemented with me
thionine the results were different. En
zyme levels were increased, perhaps 
because of a substrate stabilization mech
anism. At least it has been shown that the 
transferase is stabilized by S-adenosylme- 
thionine (9) and that S-adenosylmethio- 
nine levels decrease with starvation and 
increase after administration of methio
nine (13). The result of feeding the hy
droxy analogue of methionine (2-hydroxy-
4-methylthio-n-butyric acid) is in agree
ment with this interpretation. Enzyme 
levels are increased almost as much as 
with methionine. It has been shown that 
the analogue is converted to methionine
(14). As might be anticipated supplemen
tation of the protein-free diet with glycine 
proved to be ineffective.

The behavior of the transferase when 
rats were fasted is of considerable interest. 
Levels of the enzyme fall after one day 
but subsequently rise again to the initial 
level of specific activity. Evidently the

enzyme is more easily depleted than is the 
total protein of the liver. It behaves like 
a component of the labile protein of the 
organ (15). The subsequent rise in the 
level of the enzyme may be interpreted as 
resulting from the stimulation of the pitui
tary and adrenal glands (16, 17).

The most noteworthy change produced 
by a hormone is that caused by cortisone, 
the administration of which causes a rise 
in the level of the transferase. Adrenalec
tomy causes a decrease. Thus the effect of 
cortisone is anabolic with respect to the 
transferase and other proteins in fiver 
whereas its effect is catabolic in peripheral 
tissues like muscle (18). The adrenal cor
tex also has a great effect on the response 
of the transferase to the protein content of 
the diet; the adrenalectomized animal is 
unresponsive to a high protein diet. The 
enzyme level stays low. In the hypophys- 
ectomized animal the behavior of the en
zyme level with a similar change in diet is 
less noteworthy.

When normal animals are treated with 
cortisone there is a great increase in en
zyme level regardless of whether the diet 
is high or low in protein, but with a high 
protein diet together with cortisone the 
highest levels of transferase observed in 
these studies were attained. Evidently the 
amino acids necessary to promote enzyme 
synthesis may be of endogenous origin, as 
in the cortisone-treated animal fed a pro
tein-free diet.9

The effects of adrenalectomy and corti
sone are the opposite to the effect of cas
tration and androgen on the transferase. 
Castration results in a rise in the enzyme 
level which is reduced again when the 
missing hormone is administered (19). 
Thus the protein anabolic hormone causes 
a decrease, whereas the catabolic hormone 
causes an increase in the transferase ac
tivity. The effect on carcass protein is the 
opposite of the effect on fiver protein.

The effect of the dose of T3 used in these 
studies was a catabolic one with respect to 
the transferase. Thyroidectomized animals 
showed quite high levels which were re
duced by the administration of T3.

9 Rosen, F., an d  R. J. M ilholland 1965 S tudies on 
th e  regu la tion  o f enzym es by cortisol an d  am ino acids. 
Federation  Proc., 24: 509 (a b s tra c t) .
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A B ST R A C T  N u tritiv e  v a lue  of algae p ro te in  fo r  m a in ta in in g  n itro g en  b a lan ce  in  
h u m a n  a d u lts  fed  6 g N /d a y  fro m  algae a lone or algae com bined w ith  o th e r in ta c t 
p ro te in s w as de te rm in ed  d u rin g  10 ex p erim en ta l periods o f 5 days each . T he p ro te in  
sources stu d ied  w ere: a lgae  ( Chlorella p yren o id o sa ), fish flour, soybean flour, d ried  
w hole  egg, rice  a n d  ge la tin . All d iets su p p o rted  positive n itro g en  b a lan ce  (m e a n  
va lues ra n g in g  fro m  + 0 .3 0  to + 0 .7 7  g N /d a y ) ,  excep t th e  d iets c o n ta in in g  algae 
a lone or a lgae  a n d  g e la tin  (m e a n  v a lues, —0.06 an d  —0.38 g N /d a y , re sp ec tive ly ). 
W hile  th e  in ta c t p ro te in s o f fish, soybean an d  egg fed  singly  re su lted  in  n itro g en  
re ten tio n s  o f s im ila r  m ag n itu d e , on ly  fish  p ro te in  app eared  to be  im proved sligh tly  
by  su p p lem en tin g  w ith  2 o r 4 g n itro g en  fro m  algae. N itrogen  re te n tio n  in  response 
to th e  algae-rice com b in a tio n  w as com parab le  to th a t  observed w h en  th e  h ig h  q u a lity  
p ro te in s, fish, soybean a n d  egg w ere fed . A p p aren t n itro g en  d igestib ility  fo r  th e  6 g 
a lgae n itro g en  d ie t w as im proved  fro m  66%  to 71 to 75% w h en  p a r t  o f th e  a lgae 
w as rep laced  by o th e r p ro te ins. T he la t te r  va lues co m pared  favorab ly  w ith  digesti-
b ilities o f th e  sing le  in ta c t p ro te ins.

A growing world concern is the acute 
demand for food to meet the needs of an 
ever-increasing human population. The 
realization that nutrition is an important 
factor influencing the health and produc
tivity of man and the awareness of poten
tial limitations in the agricultural capa
city of the cultivatable land areas of the 
world, stress the need to explore possibili
ties of utilizing unconventional materials 
as sources of food. Unicellular green algae 
have been suggested as such a potential 
food, principally because of their high 
protein content and favorable amino acid 
composition (1—4).

While the strong bitter taste and inten
sive green color of unicellular green algae 
make acceptability difficult, some work
ers have demonstrated that dried algae 
powder was well accepted when added to 
conventional foods in small quantities (5,
6). Powell et al. (7) reported that young 
men were able to consume diets contain
ing 100 g or less of algae, although cer
tain symptoms such as abdominal disten
tion were observed even at the 10- and 
20-g levels of feeding. Dam et al. (8) 
reported similar symptoms in a group of 
subjects fed unextracted green algae 
mixed in conventional foods. These sub

jects were subsequently unable to con
sume ethanol-extracted algae concentrated 
in a single dietary item. However, with a 
different group of subjects, Dam et al.
(8) reported that although a diet provid
ing 6 g nitrogen daily principally from 
ethanol-extracted algae was inadequate 
for support of nitrogen balance in adult 
humans, nitrogen equilibrium or positive 
balance was attainable when algae nitro
gen was increased to 7 or 10 g daily. Even 
at the 10-g nitrogen level, no adverse 
symptoms associated with algae feeding 
were observed.

The purpose of the present investiga
tion was to determine the supplementary 
value of algae protein in human diets, 
that is, the ability of algae protein to re
place high quality proteins from fish, egg 
and soybean and the ability of algae pro
tein to improve low quality proteins from 
rice and gelatin.

EXPERIM ENTAL
The study consisted of a 2-day deple

tion period, a 3-day adjustment period
Received fo r pub lication  Ja n u a ry  6 , 1967.
1 Pub lished  w ith  th e  approval of the  D irector as 

p aper no. 2032, Jo u rn a l Series, N ebraska  A gricu ltu ral 
E xperim ent S tation.

2 P resen t address: D epartm ent of Home Econom ics, 
W estern  Illino is U niversity , Macomb, Illinois.
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and 10 experimental periods of 5 days 
each. An outline of the experimental plan 
is presented in table 1. The diets fed dur
ing the depletion, adjustment and experi
mental periods provided 2.0, 6.0 and 6.0 g 
N/subject/day, respectively, from the vari
ous protein sources and approximately 
0.66 g N from other natural foods. The 
composition of the diet used during the 
10 experimental periods is shown in 
table 1. The protein sources used were

algae (Chlorella pyrenoidosa), fish flour, 
soybean flour, dried whole egg, rice and 
gelatin. Caloric intake was adjusted to 
maintain body weight approximately con
stant; resulting intakes were 45 kcal/kg 
for men and 40 kcal/kg for women. Fat 
provided approximately 20% of the total 
caloric intake of each subject. A non
protein, low calorie carbonated beverage 1 2 3

3 F urn ish ed  gra tis by Shasta  Beverages, San F ra n 
cisco.

TABLE 1
E xp erim en ta l p lan

No. of P rim ary  d ie tary  pro tein  Total N
Source A m ount in take

g N /d a y  g N /d a y
D epletion 2 rice  2 2 .0 2 .66

A d ju stm en t 3 rice  2 2.01
+ 1 6 .66

egg flour 4.0J

E x p erim en ta l d iets 3
1 5 algae 4 6.0 6 .66
2 5 fish flour 5 6.0 6.66
3 5 soybean flour 6 6.0 6.66
4 5 dried  w hole egg 7 6.0 6 .66
5 5 algae 4 2.01

+ V 6.66
fish flour 5 4.0J

6 5 a lgae 4 4 .0 '
+ J- 6 .66

fish flour 5 2.0J
7 5 algae 4 2.01

+ [ 6 .66
soybean flour 6 4.0J

8 5 a lgae 4 2.01
+ 1- 6 .66

dried  w hole egg 7 4.0J
9 5 algae 4 2 .0

+ 6 .66
rice  2 4.0.

10 5 a lgae 4 2.01
+ j- 6 .66

ge la tin  8 4.0J

1 The basa l d iet provided 0.66 g N /d a y  in  add ition  to th a t  provided by the  p rim ary  d ietary  protein. 
I t consisted of th e  follow ing: beef bouillon (7 .0  g dry pow der), tom ato ju ice  (80.0 g ) , pineapple 
(100 g ), cabbage (50  g ) , w h ea t sta rch  m uffins (v a rie d ) , b u tte r  (v a rie d ) , je lly  (v a rie d ) , coffee or 
tea  (v a rie d ) , D iet Cola (R oyal Crown Cola Com pany, C olum bus, G eorg ia), (v a rie d ) . V itam in sup
plem ents provided the  follow ing am ounts p er day: v itam in  A, 5000 USP u n its ; v itam in  D, 500 USP 
un its ; ( in  m illig ram s) th iam ine , 2.0; riboflavin, 2.5; ascorbic acid, 50.0; pyridoxine, 1.0; n ico tinam ide, 
20.0; p an to then ic  acid, 1.0; and  v itam in  B12, 1 f ig .

A m in era l supplem ent provided daily : ( in  g ram s) CaCC>3, 1.635; KH2PO4, 1.588; MgC03*Mg(0 H )2' 
3H20 , 0.972; FeC6H 50 7 -6H 20 , 0.1152; CuS04*5H20 , 0.0095; KI, 0.0002; MnCl2-4H20 , 0.0088; and 
ZnCl2, 0.0023.

2 Belle P a tn a  ex tra  long  g ra in  rice, 6.8% pro tein , w as fu rn ish ed  gratis by Comet Rice M ills, Houston.
3 E xperim enta l diets were assigned a t random  to subjects du ring  periods 1 th ro u g h  10.
4 C h lore lla  p yren o id o sa  71105, 65.4% p ro te in  (N  x 6 .25), w as fu rn ish ed  gratis by G eneral D ynam ics 

Corporation, E lectric Boat D ivision, Groton, C onnecticut.
5 Isopropanol-extracted fish flour (N o rth  A tlan tic  red  h a k e ) , 82.9% protein , w as fu rn ish ed  gratis by 

U nited States D epartm ent of In terio r, F ish  and  W ildlife Service, B ureau  of Com m ercial F isheries 
Technological Laboratory, College P ark , M aryland.

6 L ecith ina ted  low fa t  soybean flour, 50.2% pro tein , T. Pavo Com pany, Inc., M inneapolis.
7 Dried w hole egg, 47.1% protein , w as fu rn ish ed  gratis by D avid City C ream ery, D avid City, 

N ebraska.
8 Jiffy-Jell, p la in  gelatin , G eneral Foods Corporation, W hite P lains, N ew  York.
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TABLE 2
S u b jec t in fo rm a tio n

Subject Sex Age Height
Weight Calorie

intakeInitial Final
years cm kg kg kca l/day

A M 23 179.1 68.4 69.2 3068
B F 20 167.6 84.5 82.3 2825
C F 20 175.3 65.9 73.2 2773
D M 32 172.7 76.8 78.5 3431
E F 20 168.9 66.0 65.9 2641
H M 18 172.7 55.0 53.8 2519

TABLE 3
E ffec t o f  p ro te in  source on  n itrogen  balance a n d  apparen t n itrogen  d igestib ility

Diet
M ean n itrogen  b a la n c e /d a y  fo r subject A pparent

d igestibility
A B C D E H M ean M ean

9 /day g/day g/day g/day g/day g/day g/day %
A d ju stm en t - 0 .3 1 1.36 2.34 0.75 0.74 - 0 .5 5 0.72 74

E x p e rim en ta l:
Algae - 0 .1 8 - 0 .5 8 1.00 0.44 0.40 - 1 .4 4 - 0 .0 6 66
F ish  flour - 0 .0 3 1.19 1.45 0.13 0.80 0.02 0.60 77
Soybean flour 0.07 1.16 1.06 0.49 1.18 0.09 0.67 80
W hole egg 
Algae (4  g )  +

0.04 1.00 0.66 1.23 1.00 - 0 .2 4 0.62 82

fish (2  g )  
Algae (2  g )  +

0.52 0.21 1.14 1.97 0.90 - 0 .1 4 0.77 71

fish (4  g ) 0.36 0.30 1.21 0.83 2.49 - 0 .5 3 0.77 75
A lgae-soybean - 0 .3 9 0.52 1.06 - 0 .9 5 1.25 0.32 0.30 72
Algae-egg - 0 .0 4 1.22 0.13 0.34 0.34 1.24 0.54 75
Algae-rice 1.06 - 0 .3 1 1.75 0.20 0.75 __ 1 0.68 74
A lgae-gelatin - 1 .0 0 0.07 - 0 .0 3 - 0 .3 7 0.31 - 0 .8 3 - 0 .3 8 75

1 Subject H was ill during this period.

was allowed ad libitum. Vitamin and 
mineral supplements as defined in table 1 
were given to the subjects throughout the 
study. Three men and 3 women, all of 
American nationality, described in table 2, 
served as subjects for the study. All sub
jects were considered to be in good health 
on the basis of a physical examination by 
a physician. They engaged in their usual 
activities during the study.

The criterion used in evaluating pro
tein adequacy was nitrogen retention. Ni
trogen content of urine, feces and indi
vidual food items was determined by the 
Kjeldahl method (9).

RESULTS

Individual and mean nitrogen balance 
data of the experimental subjects fed 
various single proteins or protein combi
nations are shown in table 3. Even though 
a diet providing 6 g of total nitrogen is

generally considered marginal and might 
be expected to support nitrogen balance 
only in the case of high quality proteins, 
mean nitrogen balances were positive in 
response tc all dietary treatments with the 
exception of algae alone and the algae- 
gelatin combination. Nitrogen balances 
achieved with the latter diets were signifi
cantly lower (P < 0.05) than with the 
algae-soybean diet, whereas nitrogen bal
ance with the 3 diets were inferior to 
those observed with the other intact pro
teins and protein combinations. Nitrogen 
retention achieved in response to the al- 
gae-rice diet was comparable to that ob
served when high quality proteins from 
fish, soybean or egg were fed.

As noted in earlier studies in this lab
oratory (8), high fecal nitrogen values 
were observed when the diet provided 6 g 
algae nitrogen. Calculation of apparent 
nitrogen digestibilities (table 3) of the
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various experimental diets indicated that 
the diet containing 6 g algae nitrogen had 
the lowest digestibility, 66%, whereas 
lower levels of algae (2 or 4 g nitrogen) 
fed in combination with other proteins 
resulted in digestibility coefficients rang
ing from 71 to 75%. The latter values 
compare favorably with digestibilities of 
the single intact proteins of fish, soybean 
and egg.

DISCUSSION

The demonstration in the present ex
periment that algae can replace one-third 
of the protein of egg and up to two-thirds 
of the protein of fish without impairment 
in nitrogen retention of adult human sub
jects, suggests its possible usefulness in 
extending high quality food proteins. That 
the protein quality of rice was definitely 
improved by partial replacement with al
gae protein was indicated by a comparison 
of the results of the present study with 
those reported by Chen et al.4 in the same 
laboratory. Nitrogen balance achieved 
with a diet providing 6 g nitrogen (two- 
thirds rice, one-third algae) was +0.68 
g/day in contrast with —0.01 g/day when 
rice alone provided an equivalent amount 
of nitrogen. Algae is considered an excel
lent source of both lysine and threonine 
(10) and the beneficial effect of these 
amino acids in improving the protein qual
ity of rice has been demonstrated repeat
edly (11—14). Since cereal proteins in 
general are deficient in lysine, algae pro
tein may be useful in supplementing other 
cereal proteins. However, the failure of 
algae to improve soybean protein cannot 
be explained since soybean, like rice, is 
suspected to be low in threonine and ly
sine on the basis of amino acid composi
tion values (15). The observation that 
algae combined with gelatin was not more 
effective than algae alone was not un
expected in view of the conspicuous amino 
acid deficiencies in gelatin.

Poor digestibility is one of the most 
undesirable characteristics of algae pro
tein. Fecal nitrogen excretions observed 
in all human feeding studies have been 
high, ranging from approximately 25 to 
40% of the total nitrogen intake (7, 8). 
In the present study, the highest digesti
bility coefficient (S2% ) was obtained 
when the subjects were fed 6 g nitrogen

from egg alone and the lowest (66% ) in 
response to feeding 6 g nitrogen from al
gae alone. The relatively higher digesti
bility coefficients, 71 to 75%, observed 
when algae was fed combined with other 
proteins suggests that algae is utilized 
more efficiently when fed in small quan
tities or when fed in combination with 
proteins of higher digestibility than when 
fed alone. Since introduction of algae to 
human diets may be accomplished more 
successfully, at least for the present, as a 
supplement to other food proteins, the 
poor digestibility of algae protein may not 
be a significant problem in human feeding.
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A B ST R A C T  U sing  q u a n tita tiv e  m icrochem ica l m ethods fo r analysis in  co n ju n c tio n  
w ith  m icrod issection  of lyophilized  sections of liver, alcohol dehydrogenase  activ ity , 
to ta l p ro te in  an d  to ta l lip id  c o n ten t w ere m easu red  in  p e rip o rta l a n d  cen tra l areas 
of lobules. T he livers w ere fro m  fem ale  ra ts  con su m in g  37%  of th e ir  calories as 
e ith e r e th an o l o r a  glucose so lu tion  along w ith  p a ir-fed  am oun ts o f bo th  flu id  a n d  a 
stock  ra tio n  fo r  3 to 4 m on ths. T he 2 groups of ra ts  grew  a t th e  sam e ra te  and  
w h en  k illed , th e ir  body a n d  liver w eigh ts w ere a lm ost id en tica l. In  th e  glucose-fed 
group of ra ts , th e  to ta l lip id  co n ten t in  th e  p e rip o rta l a n d  c en tra l a reas o f th e  liver 
lobule w ere id en tica l a n d  th e  activ ity  o f a lcohol dehydrogenase  in  th e  cen tro lo b u la r 
a rea  w as sign ifican tly  g rea ter th a n  th a t  in  th e  p e rip o rta l area . As a  re su lt o f ch ro n ic  e th a 
no l ingestion , th e re  w as a sligh t b u t sign ifican t in crease  in  cen tro lo b u la r to ta l lip id  con
ten t a n d  a  s ig n ifican t decrease  in  a lcohol dehydrogenase  activ ity  in  bo th  a reas of the  
lobule so th a t  the  enzym e rem a in ed  sign ifican tly  m ore active in  th e  cen tra l a rea  th an  
in  th e  p e rip o rta l area.

Among alcoholic subjects, it appears 
that the infiltration of hepatic parenchy
mal cells with fat may be the pathologic 
precursor of Laennec’s cirrhosis (1, 2). 
An extensive literature (3-6) indicates 
that fatty metamorphosis of the liver in
duced by alcohol may be secondary to both 
the toxic effects of alcohol and the meta
bolic effects of the products of ethanol 
oxidation.

Studies from this laboratory using 
quantitative microchemical methods have 
shown recently that in livers of man and 
the rat, the activity of alcohol dehydrogen
ase in the periportal area of the lobule is 
three-fifths of that in the centrolobular 
area.3 For this reason, and because alco
hol dehydrogenase is probably the rate- 
limiting enzyme in the oxidation of ethanol 
by the liver (7-9), it was concluded that 
following acute ethanol intoxication in the 
normal rat and man, the centrolobular 
accumulation of fat may be related more 
to the metabolic effects of the products of 
ethanol metabolism than to any toxic ef
fect, the latter effect being more likely to 
appear in periportal areas of the lobule.

But such a conclusion may not apply to 
the chronic ingestion of ethanol. The ac
tivity of alcohol dehydrogenase in liver
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homogenates has been reported (10-12) 
to be altered after the chronic ingestion of 
large amounts of ethanol and it is not 
known whether such treatment signifi
cantly changes the periportal-central dis
tribution of alcohol dehydrogenase activity 
within the lobule.

In the present study, quantitative micro
chemical methods were used to measure 
the intralobular distribution of alcohol de
hydrogenase activity and total lipid con
tent in the livers of carefully pair-fed rats 
following the chronic ingestion of large 
amounts of ethanol or isocaloric amounts 
of glucose along with a diet believed to be 
adequate in lipotropic agents (13, 14).

EXPERIM ENTAL METHOD

Animals and diets. Twelve female rats 
of the Sprague-Dawley strain4 weighing 97 
to 130 g were paired into 2 groups accord
ing to body weight and maintained in
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separate wire-bottom cages at an ambient 
temperature of 22 to 28°. The experi
mental group of 6 rats was fed ground 
stock ration5 -with ethanol as the only 
source of drinking fluid ad libitum. The 
concentration of ethanol in the fluid avail
able to this group was increased gradually 
from 10% (v/v) to 25% over a period of 
6 weeks after which the animals consumed 
an average of 37% of their calories as 
ethanol for a period of 3 to 4 months. 
During this 3- to 4-month period the aver
age daily intake of ground stock ration re
mained close to 8.3 g in both the experi
mental and pair-fed control groups. Ac
cording to data supplied by the manufac
turer,5 the stock ration contains 25% pro
tein, 50% carbohydrate and 5% fat with 
340 kcal/100 g. This ration contains 1.32 
mg of DL-methionine and 0.42 mg of cho- 
line/kcal. The same stock ration fed ad 
libitum to rats receiving 30% of their 
calories as ethanol in the drinking fluid 
for up to 228 days was shown by Scheig 
et al. (14) to be adequate in terms of lipo
tropic agents. The six control rats were 
pair-fed in terms of both stock ration and 
drinking fluid. The fluid consumed daily 
by each control rat contained an amount 
of glucose which was isocaloric with the 
ethanol consumed daily by its experi
mental paired counterpart. All 12 rats 
were given one-half of their next day’s 
allotment of food and drinking fluid 4 
hours before they were killed in the morn
ing. Immediately following exsanguination 
by decapitation, the livers were excised, 
weighed and sampled for frozen-dried 
sections, homogenates and fixed histologic

stained sections. The average body and 
liver weights are presented in table 1.

Homogenates. Samples of fresh liver 
weighing 300 to 500 mg were homogenized 
by hand at 0° in all-glass Potter-Elvehjem 
homogenizers with 10 vol of 0.1 m  potas
sium phosphate buffer, pH 7.3. Immedi
ately before the enzyme assays, 10-uliter 
aliquots of these homogenates were di
luted with 1 ml of 0.1 m  potassium phos
phate buffer, pH 7.3, containing 0.05% 
bovine serum albumin. Triplicate assays 
of each liver were performed to determine 
the activity of alcohol dehydrogenase, the 
total protein content and the total lipid 
content.

Frozen-dried sections. A small biopsy 
from the periphery of the left lateral lobe 
of the liver was immediately frozen in 
liquid nitrogen. Sections were cut with a 
thickness of 22 u in a cryostat at — 20° 
and dehydrated in vacuo at — 35°. These 
lyophilized sections were stored for up to 
4 weeks at — 70° in evacuated tubes, a 
method of storage which did not impair 
the activity of alcohol dehydrogenase. 
Dissection of lyophilized sections under a 
microscope at a magnification of X 72 and 
weighing of dissected segments on a 
quartz beam balance were carried out in a 
room with constant low humidity at 18°. 
During microdissection, the area of each 
lobule lying along a radius between portal 
triads and central veins was divided into 
4 approximately equal segments. The 
periportal and central quarters of the lobu
lar segments weighed approximately 0.14

5 P u rin a  R at Chow, R alston  P u rin a  C om pany, St. 
Louis.

TABLE 1

M ean body and  liver w e ig h ts o f rats fe d  s tock  ra tion  a n d  e ith er 25%  e th a n o l or 
isocaloric glucose so lu tions fo r 3 to 4 m o n th s  1

E xperim enta l ra ts Pair-fed contro l ra ts

Stock ra tion  2 
+  25% ethanol 

ad  lib.

Stock ra tion  
isocaloric 
glucose 

solutions

M ean in it ia l  body w t, g 160 3 157 3
M ean final body w t, g 226 230
M ean final liver w t, g 7.61 7.49
M ean ra tio  of liver w t to body w t, g /g 0.0337 0.0325

1 Six ra ts /g ro u p .
2 P u rin a  R at Chow, R alston  P u rin a  Com pany, St. Louis. .
3 Body w eight a f te r  the  6 w eeks d u rin g  w hich  ra ts  consum ed 10, 15 an d  20%  e thanol or isocaloric 

am ounts of glucose solutions as the only source of d rink ing  fluid.
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ug. After weighing they were placed in 
microtest tubes for immediate enzyme as
say. In each liver, periportal and central 
areas of 6 lobules were assayed to deter
mine the activity of alcohol dehydrogenase, 
the total protein content and the total 
lipid content.

A lc o h o l d e h y d r o g e n a se  a ssa y . The re
action mixture for blanks, standards and 
samples contained in the following final 
concentrations: potassium phosphate buf
fer, pH 7.3, 0.1 M ; DPNH, 0.8 m M ; acet
aldehyde, 10 m M ; sodium amytal, 1 m M ; 
nicotinamide, 20 m M ; and bovine serum 
albumin, 0.05. In measuring homogenates, 
4 uliters of dilute homogenate, representing
3.6 ug of fresh liver, were added to tubes 
containing 25 uliters of ice-cold reaction 
mixture. In the assay of microdissected 
segments of the lobule, 3 uliters of ice-cold 
reaction mixture were added to microtest 
tubes containing a segment of dried liver 
weighing approximately 0.14 ug. Blanks 
consisted of 4 uliters of potassium phos
phate buffer mixed with bovine serum albu
min added to 25 uliters of reaction mixture 
for homogenate measurements or merely 
3 uliters of reaction mixture for measure
ments of microdissected segments. If am
ytal is not added to the reaction mixture, 
tissue blanks are necessary. Standards con
sisted of 4 uliters of potassium phosphate 
buffer with bovine serum albumin and 1 
m M  DPN+ added to 25 uliters of reaction 
mixture for homogenates or 3 uliters of re
action mixture containing 0.14 mM DPN+ 
for microdissected segments. After mixing, 
the tubes were transferred from the ice bath 
to a water bath at 38° and incubated for 30 
minutes. Following incubation, the reaction 
was stopped by returning tubes to the ice 
bath and adding a volume of 0.5 n  HC1 
equal to that of the reaction mixture to re
move the fluorescence of the remaining 
DPNH. The fluorescent alkaline derivative 
of the DPN+ generated during incubation 
was developed by mixing 5-uliter aliquots of 
the acidified solution with 50 uliters of 6.6 
n  NaOH in a fluorometer tube and heating 
this solution at 38° for 30 minutes. There
after, 1 ml of water was added and the 
fluorescence read on a photomultiplier- 
type fluorometer with the primary Coming 
filter no. 5860 and secondary Coming fil
ters nos. 3387, 4308, and 5562.

The activity of alcohol dehydrogenase 
with this method was found to be propor
tional to the amount of liver present be
tween a range of 1 to 5 ug of fresh liver 
per 25 uliters of reaction mixture. Using
9.7 ug of fresh liver per 25 uliters of reac
tion mixture, the activity of alcohol dehy
drogenase increased linearly throughout 
the 30-minute incubation period at 38°.

A n a ly s is  o f  c h e m ic a l c o n s ti tu e n ts . To
tal protein was measured in homogenates 
and microdissected segments of lyophilized 
tissue by the Folin phenol method (15). 
The total lipid content of microdissected 
segments of lyophilized tissue was deter
mined gravimetrically by difference after 
extraction with anhydrous ethanol and 
hexane according to the procedure of 
Lowry (16).

S ta t is t ic a l  a n a ly se s . In all experiments, 
results of each experimental rat liver were 
compared with those for the livers of their 
pair-fed controls. The mean of the individ
ual differences was tested by Student’s 
t  test (17).

RESULTS

The process of lyophilization does not 
alter the activity of alcohol dehydrogenase. 
The average activity of alcohol dehydro
genase in homogenates of the 4 normal 
rat livers was 1.85 mmoles/g fresh weight/ 
hour. Since the mean moisture content of 
these livers was determined to be 66% of 
their fresh weight, this activity represents 
5.44 mumoles/ug dry weight/hour. This 
value compares favorably with the average 
of the sum of the periportal and centro- 
lobular activities from lyophilized sections 
of these livers, 5.28 mumoles/ug dry 
weight/hour.

The growth of the 6 ethanol-fed rats 
closely paralleled that of the 6 rats fed 
isocaloric amounts of glucose not only dur
ing the 6 weeks while the concentration of 
ethanol in the drinking fluid was increased 
from 10 to 25% but also during the 3 to 
4 months thereafter when the only source 
of drinking fluid was 25% ethanol (fig. 
1). After the ethanol concentration in the 
drinking fluid was increased to 25%, the 
6 experimental rats consumed an average 
of 11.97 g of ethanol/kg body weight/day, 
an amount which is twice that necessary 
to alter the DPNH/DPN+ ratio in normal
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% ETHANOL IN DRINKING FLUID 
10 15 20 25

V-------------------- Y-------\ ---------------------------------------------------------------------- -----------------

Fig. 1 M ean body w eigh ts o f th e  groups of ra ts  con su m in g  e ith e r in creas in g  am o u n ts 
o f e th a n o l (a s  no ted  above) o r isocaloric  am o u n ts  o f glucose in  th e ir  d rin k in g  flu id  over 
a  period  of 172 days.

rats (18). This amounted to 37% of their 
total dietary calories. The 6 pair-fed con
trol rats consumed an average of 20.94 g 
of glucose/kg body weight/day in their 
drinking fluid which amounted to 37% of 
their total dietary calories. It should be 
noted that each group of rats was given 
ration and either ethanol or glucose in the 
late afternoon and that whereas the ex
perimental group consumed their ethanol 
drinking fluid over a span of 24 hours 
daily, the control group as a rule con
sumed their daily allotment of glucose 
drinking fluid during the first 12 hours 
after it was given. When killed, the aver
age ratio of liver weight to body weight 
(g per g) in the ethanol-fed rats and the 
6 control glucose-fed rats differed by only 
3.5% (table 1).

In homogenates of livers from rats re
ceiving 37% of their calories as ethanol 
for 3 to 4 months, the activity of alcohol 
dehydrogenase on a protein basis was 
83% (P < 0.05) of the activity in livers

of the pair-fed control rats receiving iso
caloric amounts of glucose. In lyophilized 
segments of lobules from livers of ethanol- 
fed rats, the periportal and centrolobular 
activities of alcohol dehydrogenase on a 
protein basis were both 80% (P < 0.05 
for each) of the activity in corresponding 
areas of lobules from livers of glucose-fed 
control rats (table 2).

The analysis of lipid in lyophilized seg
ments of liver lobules showed that the 
total lipid content on a dry-weight basis 
was increased in the livers of the ethanol- 
fed rats over that in the livers of the con
trol glucose-fed rats. However, this in
crease was only significant in the central 
area of the lobule. In livers from ethanol- 
fed rats, the centrolobular total lipid con
tent was 134% (P < 0.01) of that in the 
corresponding area of fivers from control 
glucose-fed rats (table 3).

The histologic stained sections of the 
fivers from the 6 control glucose-fed rats 
were normal but each of the fivers from
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TABLE 2
A lcohol dehydrogenase a c tiv ity  w ith in  th e  lobules o f livers fro m  rats fed  37%  o f calories 

as e th a n o l or glucose fo r  3 to 4  m o n th s  1>2

T reatm ent
group

A lcohol dehyd rogenase activ ity  

A rea o f  lobu le o f liver  

P eriportal C entral

P va lu e  3

F e d  25%  e th a n o l
m jim o les /jig  p ro te in  /h o u r  

5 .3 3  ± 0 . 3 8  6 .6 5  ± 0 . 2 3 P  <  0 .0 5
F e d  is o c a lo r ic  g lu c o s e 6 . 6 6 ± 0 .4 1 8 . 3 0 ± 0 .5 4 P  <  0 .0 1
P v a lu e  4 P <  0 .0 5 P <  0 .0 5

1 A ll va lu es are expressed  as m ean s o f determ inations ±  s e ; probability  va lu es are derived  by 
Student's t  test.

2 S ix  liv ers/g ro u p  assayed.
3 Probability  th at th e  portal-central d ifference is  due to chance.
4 Probability  th a t d ifference betw een  th e 2  groups is  due to chan ce .

TABLE 3
T ota l lip ids w ith in  th e  lobules o f livers fro m  rats fe d  37%  o f calories as e thano l 

or glucose fo r  3 to 4 m o n th s  1>2

T ota l liver  lip id s  

Area o f lobu le

P eriportal Central

P va lu e  3

fig to ta l l ip id /j ig  d ry  rut
F e d  25%  e th a n o l 0 .1 6 3  ± 0 . 0 0 6 0 .2 0 6  ± 0 . 0 0 9 P  <  0 .0 1
F e d  is o c a lo r ic  g lu c o s e 0 .1 5 4  ± 0 . 0 0 5 0 .1 5 4  ± 0 . 0 0 6 n s
P  v a lu e  4 n s P  <  0 .0 1

1 A ll v a lu es  are expressed  as m ean s o f determ inations ±  s e ; probability  v a lu es  are derived  by  
Student’s  t  test; n s , not s ign ifican t.

2 S ix  liv ers/g ro u p  assayed.
3 P robability  th at th e  portal-central d ifference is  due to chan ce .
4 P robability  th at d ifference betw een  th e  2  groups is  due to chance.

the 6 ethanol-fed rats revealed slight fatty 
metamorphosis with an occasional cell in 
the central area of the lobule which was 
laden with fat in a globule displacing the 
nucleus.

DISCUSSION
In mammals, the liver is the richest 

source of alcohol dehydrogenase and an 
estimated 90 to 98% of the ethanol oxi
dized by the body takes place in the liver
(19). In the oxidation of ethanol, alcohol 
dehydrogenase is probably the rate-limiting 
enzyme among animals on an adequate 
diet (7-9) although the DPNH/DPN+ 
ratio may be the actual limiting factor for 
the rate of ethanol metabolism in fasting 
animals (20, 21).

In the experiment reported here, the diet 
of the ethanol-fed group of rats was ade
quate enough to permit continued growth 
of the rats. Furthermore, there are 4 rea
sons for justifying the acceptance of the 
glucose-fed rats as satisfactory controls for 
the ethanol-fed rats. The glucose-fed group 
of rats received daily quantities of glucose

which were isocaloric with the ethanol 
consumed by the experimental group of 
rats, they were carefully pair-fed both ra
tion and drinking fluid, they grew at the 
same rate as the experimental group of 
rats, and they had a liver weight-to-body 
weight ratio when killed which was iden
tical to that of the experimental group.

Our data indicate that the activity of 
hepatic alcohol dehydrogenase on a pro
tein basis is significantly decreased by 
feeding large amounts of ethanol along 
with an adequate diet for 3 to 4 months. 
Alcohol dehydrogenase activity has been 
reported to be decreased in both man (18,
22-24) and the experimental animal (18, 
25) with liver disease which is severe. In 
such cases, the decreased enzyme activity 
may very well be related to the severity of 
the liver disease and thus be secondary to 
a decreased capacity of hepatic parenchy
mal cells to synthesize proteins. Other in
vestigators using experimental animals, 
however, have measured alcohol dehydro
genase activity in livers showing little in
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the way of pathologic disease following the 
chronic ingestion of ethanol. Homogenates 
of livers from rats fed 20% ethanol as the 
sole source of drinking fluid (with or with
out extra ethanol added by gastric tube) 
for 6 to 36 weeks have showed either no 
change (26), a decrease (10, 12) or a 
temporary increase (11) in the activity of 
alcohol dehydrogenase. The latter inves
tigators observed that during the chronic 
consumption of ethanol, the activity of this 
enzyme increased steadily to a peak after 
26 weeks and over the subsequent 10 
weeks returned to the level which had been 
maintained during the entire 36 weeks by 
the livers of the control rats. Because of 
this, we chose to measure the hepatic ac
tivity of alcohol dehydrogenase 20 and 25 
weeks after starting the rats on ethanol. 
A comparison of our results with these 
reported studies presents certain problems 
because their experimental method differs 
from ours. Stock ration (10, 11, 26) or 
drinking fluid (11-12, 26) were not pair- 
fed to control rats (11, 26) or were only 
roughly isocaloric (10, 12) with the
ethanol consumed by the experimental ani
mals. Furthermore, unlike the present ex
periment, in these reported studies the 
body weights of the experimental group 
of rats either decreased or increased much 
more slowly than that of the control group 
during the ingestion of ethanol.

In the present study, the pathologic 
changes (an occasional centrolobular cell 
showing marked fatty infiltration) in the 
livers of the ethanol-fed rats were so mini
mal, it appears reasonable to conclude that 
the decrease in alcohol dehydrogenase ac
tivity following the chronic ingestion of 
ethanol is not related to an impaired ca
pacity of the liver to synthesize proteins. 
Ethanol, therefore, must not induce alco
hol dehydrogenase. Such a conclusion 
raises the possibility that ethanol may not 
be the natural substrate for alcohol de
hydrogenase in the liver of the rat. Al
though there is a small amount of endo
genously synthesized ethanol (27, 28), 
alcohol dehydrogenase in the rat and in 
man has a wide specificity for alcoholic 
compounds (29) and Theorell may be cor
rect in suggesting that cholesterol may be 
the natural substrate for this enzyme.6

The quantitative microchemical assays 
of the lobule show that following the 
chronic ingestion of large amounts of 
ethanol, the activity of alcohol dehydrogen
ase is still significantly higher in the cen
trolobular area and that the total lipid con
tent increases significantly only in the 
centrolobular area. While it is tempting 
to conclude that this centrolobular accu
mulation of lipid is more related to the 
metabolic effects of the products of ethanol 
oxidation than to the toxic effects of 
ethanol, such a conclusion must await 
future investigations because of struc
tural and metabolic differences between 
periportal and centrolobular cells (30). 
The metabolic potential of several bio
chemical pathways in periportal hepatic 
cells differs from that of centrolobular 
hepatic cells in both the rat (31, 32) 
and in man (33). It is such intralobu
lar differences in the metabolic potential 
of hepatic cells which undoubtedly ac
count for the observation by Hartroft et 
al. (34) that when rats are fed a lipo
tropic adequate diet with 36% of the 
calories as ethanol for 3 months, moderate 
centrolobular fatty infiltration develops if 
the diet is normal in protein and high in 
fat content but will produce severe peri
portal fatty infiltration when the diet is 
low in protein and high in carbohydrate 
content.

In future studies to evaluate the effects 
of chronic ethanol ingestion upon the 
hepatic accumulation of fat, careful atten
tion should, therefore, be given to the diet 
but also to determining whether a diet 
truly is adequate in lipotropic agents. An 
increased ethanol content in a diet is 
known to increase the choline requirement 
of the rat (13) and an increased fat con
tent in a diet is also known to increase the 
choline requirement in rats (35). A com
parison of the present experiment with 
other relatively recent studies (3, 5, 14) 
appears to support these 2 conclusions and 
has brought us to appreciate that the 
amount of lipotropic agent necessary to 
protect livers against the centrolobular 
fatty infiltration of a relative choline de
ficiency has been established for only a 
few diets with only a few levels of in-

« H ugo T heorell, person al com m u nication .
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gested ethanol in only a few experimental 18. 
animals.
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