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ABSTRACT The extent of labile protein stores and their response to protein feed
ing was studied in undernourished adult subjects. Urinary nitrogen excretion follow
ing 3 levels of protein intake (62, 82 and 96 g /day), each protein period alternated 
with a protein-free diet, was studied in 4 apparently healthy but undernourished 
young men. Urinary nitrogen with a protein-free diet decreased to a nearly steady 
value within 2 to 3 days. The initial decrease was small, however, indicating poor 
labile protein stores in these subjects. With diets containing protein considerable 
nitrogen was retained. The retained nitrogen, however, was not excreted when the 
subjects were changed over from protein-containing diets to protein-free diets. Endog
enous urinary nitrogen excretion in these subjects was not different from that of 
normal subjects.

There have been several studies of the 
effect of variation of dietary protein in
take on the urinary nitrogen excretion 
( 1 -3 ) .  These studies indicate that there 
are apparently some components in the 
body which are comparatively more sensi
tive to changes in protein intake than 
others. One of these, body protein, which 
is particularly sensitive to changes in pro
tein intake, has been termed the labile 
protein store. The presence of labile pro
tein stores in different species of animals 
has been inferred from urinary nitrogen 
excretion immediately following consump
tion of a protein-free diet (1 , 2, 4 ) . When
ever the level of protein intake is altered, 
there is often a time lag in the adjustment 
of the body to a new level of protein, 
which is reflected in a corresponding vari
ation in the excretion of nitrogen. Several 
investigators have observed (5 —11) that 
in human subjects, a protein-free diet fol
lowing a normal protein intake causes uri
nary nitrogen to decrease rapidly at first 
and then slowly to reach a fairly steady 
level which has been termed the endoge
nous level. Extra nitrogen lost in the first 
few days over and above the endogenous 
level has been considered to correspond to 
the labile protein store. According to Mar
tin and Robison ( 7 ) ,  this labile store rep
resents about 3%  of total body proteins, 
and under the most favorable circum
stances does not exceed 5%  (3 ) .
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The labile protein stores are drawn 
upon during periods of stress (1 2 ) . Al
though the actual physiological signifi
cance of labile protein stores is not fully 
understood, it is agreed that adequate 
stores of labile proteins are consistent with 
good protein nutritional status. In popula
tion groups habitually subsisting on mar
ginal intakes of protein, labile protein 
stores may be expected to be low. In any 
consideration of protein requirement, in 
addition to the protein requirement for 
maintaining N balance protein required to 
maintain labile protein stores merits at
tention.

The present paper describes studies of 
nitrogen balance in apparently healthy but 
undernourished subjects eating protein- 
free diets, and the effects of fluctuation in 
the levels of protein intake on the pattern 
of urinary nitrogen excretion.

MATERIALS AND METHODS
Subjects. Four apparently healthy young 

men belonging to the low income group 
were the subjects of this study. They were 
kept in a metabolic laboratory during the 
entire period of the experiment. The basal 
metabolic rates of these subjects were de
termined initially. Details of the subjects 
are shown in table 1.

Diet: The subjects were given a pro
tein-free diet alternating with a high pro-
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TABLE 1
Description of the subjects

Subject Age Weight Height Surface
area

Basal
energy

years kg cm cm2 kcal/day
JB 25 44.8 161.4 1.43 1292
MS 26 45.5 162.6 1.44 1076
JS 31 48.4 166.0 1.50 1272
NKS 28 45.4 163.1 1.46 1250

DAYS

Fig. 1 Nitrogen metabolism of men eating protein-free (PF) and high protein diets (HPi, HP, 
and HPs).
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tein diet. Each subject was studied for 3 
separate periods with the protein-free diet, 
with each period followed by a high pro
tein diet. Daily protein intake during the 
3 protein periods was 62, 82 and 96 g, 
respectively. The duration of each protein- 
free dietary period was 7 days and that of 
the high protein period was 9 days. The 
sequence of feeding the different diets is 
shown in figure 1. The protein-free diet 
included sago, cornstarch and vegetables 
low in nitrogen and did not contain any 
protein food. In formulating the practical 
protein-free diet, however, small quanti
ties of nitrogen from sago and vegetables 
could not be avoided entirely. Protein in 
the high protein diets was derived mainly 
from rice, wheat, red gram dhal ( Cajanus 
cajan') and milk. The composition of the 
diets is shown in table 2.

Urine was collected daily on glacial 
acetic acid and toluene during the entire 
period of the study. Feces were collected 
during the last 3 days of each period. 
Body weights were taken at the beginning 
and at the end of each dietary period. 
Total nitrogen was estimated in urine and 
feces by the macro-Kjeldahl method.

RESULTS
Average daily urinary nitrogen output, 

nitrogen balance with the high protein 
diets and body weight changes during the 
different dietary periods are shown in

figure 1. Body weight changes during the 
different periods were 1 to 2 kg. Body 
weight lost during the protein-free regi
men was largely made up during subse
quent protein feeding.

Urinary excretion of nitrogen decreased 
rapidly in all the subjects to about 2 g 
within 2 to 3 days of the protein-free regi
men and remained steady or decreased 
rather slowly thereafter. The magnitude 
of the initial decrease in urinary nitrogen 
excretion with the protein-free regimen, 
however, was quite small in these sub
jects, unlike the sharp decrease in normal 
subjects eating protein-free diets that was 
reported by Martin and Robison (7 ) . 
Moreover, the 2 distinct phases of urinary 
nitrogen excretion reported by other work
ers were not strictly in existence in all 
the subjects. This indicated that the sig
nificant initial response to the protein-free 
diet reported in well-fed subjects was ab
sent or minimal in our subjects. When 
our subjects were fed a high protein diet 
following the protein-free diet, urinary 
nitrogen excretion increased rapidly and 
tended to reach a plateau. Even after 
9 days of protein feeding the subjects had 
not attained N equilibrium.

Average daily urinary nitrogen excre
tion during the last 3 days of the protein- 
free diet is shown in table 3. Following 
the usual convention, these values were 
taken to represent endogenous excretion

TABLE 2
Composition of experimental diets

Protein- Protein diets
free
diet 1 2 3

Sago
9

255
9 9 9

Rice — 300 400 450
Wheat flour — 100 133 170
Cornstarch 210 — — —
Red gram dhal — 50 66 100
Skim milk powder — 20 27 40
Sugar 90 60 52 28
Oil 90 40 10 20
Calabash cucumber 240 — — —
Ridge gourd 250 — — —
French beans — 200 250 275
Potato — 200 300 —
Cauliflower — 100 100 100
Onions — 50 50 25

Protein, g 3.4 62.4 81.6 95.7
Kilocalories 3007 3004 3006 3022
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of nitrogen. Endogenous urinary nitrogen 
values with the protein-free diet were 
almost the same in the 3 protein-free 
periods irrespective of the protein intake 
preceding each period and ranged from
1.5 to 2.0 g/day. The endogenous urinary 
N output per basal kilocalorie ranged 
from 1.30 to 1.65 mg, the average for the 
4 subjects being 1.4m g/basal kcal. This 
value is not different from values for 
normal subjects reported by other work
ers (10 , 1 3 -1 5 ). Fecal N excretion with 
the protein-free diet ranged from 0.89 to 
1.37, the average value being 1.07 g/day. 
This value is not very different from the 
values reported by Murlin et al. (1 3 ) , and 
Mueller and Cox (1 1 ) in two of his sub
jects, but it is higher than values reported 
by Bricker and Smith (1 4 ) and Hawley 
et al. (1 5 ).

Extra urinary nitrogen lost over and 
above the endogenous minimum during 
the protein depletion period after the sub
jects were transferred to the protein-free 
diet is also shown in table 3. Body nitro
gen loss during this period ranged from 
0.34 to 4.6 g which was less than 1% of 
body protein in the 4 subjects. This loss 
was highest in the first protein-free diet 
period and decreased in the subsequent
2 protein-free diet periods in three of the 
four subjects. In subject JB nitrogen loss 
did not differ greatly in the 3 protein-free 
diet periods. Short periods of high protein 
feeding prior to use of the protein-free 
diet did not increase the loss of body pro
teins observed with protein-free diet.

The average values for daily nitrogen 
retention during the last 3 days of the
3 high protein regimens are shown in 
figure 1. Total nitrogen retained during 
the entire period of 9 days would be much 
larger. Nitrogen retained even during the 
last 3 days of the diet was considerable, 
the higher the protein level in the diet the 
more nitrogen retained. These results sug
gested that nitrogen retained during the 
high protein regimen was substantially 
higher than nitrogen lost during the pre
ceding protein-free dietary period.

DISCUSSION

The initial rapid urinary nitrogen loss 
following the protein-free diet has been 
considered to represent loss of labile pro
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tein stores of the body. The decrease in 
urinary nitrogen excretion following a 
protein-free diet in well-nourished indi
viduals consists of 2 phases, one rapid 
phase when the urinary nitrogen excretion 
decreases to a low value within a few 
days and the other a slow phase when 
the nitrogen excretion decreases rather 
slowly until it reaches a steady state. This 
pattern has been observed both in human 
subjects and experimental animals (1 -4 ) . 
Nitrogen loss in the first phase is con
sidered to represent loss of labile protein 
stores which may be 3 to 5%  of body 
proteins. Nitrogen loss in the subsequent 
slow phase may represent loss of more 
stable body proteins. In the present study 
which concerned relatively undernour
ished subjects, however, the pattern of 
urinary nitrogen loss with a protein-free 
diet appeared to correspond mainly with 
the slow phase, the rapid phase being 
absent or minimal. This indicated that 
highly labile protein stores such as those 
observed in normal persons were minimal 
or absent in these subjects. This conclu
sion is supported further by the fact that 
the calculated body nitrogen loss in our 
subjects during the protein-free regimen 
was less than 1.0% of body nitrogen com
pared with a loss of 3 to 5%  of body 
nitrogen reported for well-nourished sub
jects. Relative tissue depletion in our 
subjects is also supported by the tendency 
of the subjects to retain large quantities 
of nitrogen when they were maintained 
with a high protein diet following a pro
tein-free diet. The subjects of this study 
normally subsisted on marginal protein 
intakes and it may be argued that they 
could not have built up adequate labile 
protein stores. It appears from this study 
that the pattern of body protein loss with 
a protein-free diet depends upon the state 
of protein stores in the body. The response 
to a protein-free diet can be expected to 
be poor, as in our subjects, if only less 
labile proteins are present in the body 
since this component of protein could be 
expected to resist depletion. The signifi
cance of the poor response of our sub
jects to a protein-free diet in terms of 
their proteins stores needs further study.

Loss of urinary nitrogen during the 3 
protein-free periods apparently was not in

fluenced by the preceding short periods of 
high protein feeding which resulted in a 
large positive nitrogen balance. Nitrogen 
retained with high protein feeding was 
obviously not excreted when these sub
jects were transferred to a protein-free 
diet, a deviation from normal response. 
This can be interpreted to mean that these 
subjects had extensively depleted protein 
stores and that nitrogen retained by them 
was presumably repleting preferentially 
less dispensable body protein stores and 
not highly labile protein stores. Perhaps a 
prolonged period of high protein feeding 
to these subjects to the point where their 
body protein stores were completely filled 
would be necessary before they could re
spond to a protein-free diet as well as well- 
nourished subjects.

One of the points of practical signifi
cance in the present study concerns the 
protein requirement of undernourished 
subjects. Since endogenous nitrogen ex
cretion in our subjects was not different 
from that reported for normal subjects, 
the minimal protein requirement of these 
subjects necessary to take care of the ob
ligatory loss is apparently not different 
from that of normal well-nourished sub
jects. Since these subjects usually have 
very poor stores of reserve proteins, a 
protein allowance to cover only the mini
mal needs would never provide an oppor
tunity for them to replete their body pro
tein stores fully. Therefore, the basis for 
computation of the protein requirement in 
such subjects would obviously differ from 
that for normal subjects. Although the 
significance of labile protein stores in nor
mal subjects is not understood clearly, its 
beneficial effect during times of stress 
may be important.
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Effect of Selenium and Vitamin E on the 
Regeneration of Rat Liver
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A B S T R A C T  Because previous studies have shown the hepatoprotective effect of 
selenium (a constituent of Factor 3), the effect of selenium on the hepatic regenera
tion of albino rats was studied. The experiments used 125 animals, divided into 
4 groups. The control group was maintained with a semipurified diet. The 3 experi
mental groups received the same basal diet which was supplemented with Na2Se03, 
vitamin E or Na2Se0 3  and vitamin E together. The weight increase of the hepatic 
regenerate was observed, as well as its microscopic appearance and the percentage 
of the different forms of cell division. It was found that selenium caused an in
crease in weight of the residual liver, favoring selectively the mitotic processes, and, 
combined with vitamin E, it stimulated all forms of cell division in the liver. The 
physiological dose used for stimulation of liver regeneration was about 1 yg/100 g 
body weight. When selenium was given in larger doses, it produced certain vascular 
lesions, appearing in the form of parenchymatous hepatic microhemorrhages.

The experim ental investigations o f  the 
last 15 years have show n the im portance 
o f  selenium  (S e )  as a basic elem ent o f 
nutrition and as one o f  the constituents 
o f  Factor 3, w hich  is being w idely dis
cussed in the current literature. A ccord 
in g  to Schwarz et al. ( 1 ) ,2 both tocopherol 
and selenium  participate in  oxidation- 
reduction reactions. Since the m etabolic 
lesions fou n d  in  the prenecrotic, latent 
phase o f  dietary liver necrosis m ay in 
volve oxidation, it is suggested that alter
nate pathways o f  oxidative m etabolism  
m ay be involved, one utilizing selenium , 
and the other utilizing tocopherol. I f this 
were true, an organism  w ould have to be 
deficient both in  selenium  and tocopherol 
before com plete destruction o f  oxidative 
m etabolism  w ould occur. Investigation o f 
the liver necrosis preventive effect o f  200 
selenium  com pounds and Factor 3 prep
arations has show n sodium  selenite to be 
one o f  the m ost effective o f  the inorganic 
selenium  com pounds. The effective dose 
o f  selenium  as N a2S e0 3 that affords 50%  
protection (EDso) to rats is 2 to 3 m g S e / 
100 g o f  diet ( 2 ) .

The hepatotrophic action o f  Se (as  an 
independent elem ent or as a constituent 
o f Factor 3 )  has been  investigated with 
respect to its protective effect on hepatic

necroses o f rats due to the unilateral ad
m inistration o f  pow dered m ilk ( 3 - 6 )  or 
other hepatotoxic substances ( 7 ) .  H ow 
ever, the hepatostim ulatory effects o f  se
len ium  have not yet been  sufficiently 
studied.

The above considerations prom pted us 
to study the influence o f  Se on the regen
eration o f  the liver, fo llow in g  subtotal 
hepatectom y. This test has been checked 
by a num ber o f  authors, as w ell as in  the 
authors’ laboratory, in  the course o f  nu 
m erous experim ental studies.

MATERIALS AND METHODS
Our experim ents were m ade on 125 

healthy albino rats o f  both sexes, having 
an average o f  130 g body weight. These 
were divided into 4 groups and m ain 
tained under sim ilar conditions. The rats 
were kept in  cages m ade o f  w ire netting, 
p laced  on  a 1.5-m high m etal stand. The 
litter p laced under the anim als was m ade 
o f  w ood  shavings. All 4 groups received

R e c e iv e d  f o r  p u b l ic a t io n  M a r c h  6 , 196 6 .
1 P re se n t  a d d re s s : M e d ic a l  a n d  P h a r m a ce u t ic a l

U n iv e rs ity , D e p a r tm e n t  o f  H u m a n  A n a to m y , T irg u - 
M u re s , Str. U n iv e rs ita t ii  3 8 , R u m a n ia .

2 S ch w a rz , K ., a n d  W . M e r tz  1960  P h y s io lo g ic a l  
e f fe c ts  o f  tra ce  a m o u n ts  o f  s e le n iu m . C o n fe r e n c e  o n  
P h y s io lo g ic a l  A s p e cts  o f  W a te r  Q u a lity , S ept. 8 —9, 
W a s h in g to n ,  D . C ., p . 79.

J . N u t r it io n , 9 0 : ’66 219



2 2 0  TIB ER IU S N. M A RO S, GEORGE P. FODOR, V IR G IN IA  V . KOVACS A N D  B £L A  K A T O N A I

a sem ipurified (b a sa l) diet, consisting o f 
the fo llow in g : casein  ( 1 8 ) ,  starch (6 3 ) ,  
yeast ( 8 ) ,  sunflow er oil ( 5 ) ,  a m ixture o f 
salts ( 4 )  and agar-agar (2 %  ) dissolved 
in twice-distilled water (d ilu tion  1 :1 ) .  
E ach anim al received a daily dose o f 
25 to 30 g.

The control group consisted o f  50 rats, 
m aintained with a sem ipurified diet. 
Group Se (2 5  ra ts) received the same 
am ount o f  sem ipurified diet, to w hich 
N a2S e0 3 was added so that each anim al 
received 3 ng N a2SeO3/1 0 0  g body weight 
(th e  N a2S e 0 3 was dissolved in  tw ice-dis
tilled water, w /w ) .  Group E (2 5  rats) 
received the same am ount o f  sem ipurified 
diet to w hich  50 m g vitam in E had been 
a d d ed /k g  diet. Group S e+ E  (2 5  rats) 
also received the same am ount o f  sem i
purified diet to w hich  1 ug N a2SeO3/1 0 0  g 
body w eight and 50 m g vitam in E /k g  diet 
had been added. Fresh food  was pre
pared daily, prior to feed ing the animals.

All rats were subm itted to a subtotal 
hepatectom y, perform ed under ether an
esthesia and strictly aseptic conditions. 
W e extirpated the left lateral and m edian 
lobes o f  the liver, i.e., approxim ately 
63 .5%  o f  the entire liver (8 , 9 ) .  During 
the first day follow ing  the operation the 
anim als were kept at a room  temperature 
o f  about 2 7 °. The adm inistration o f  the 
sem ipurified diet was started in  all groups 
3 days before hepatectom y, being con 
tinued up to 3, 7, 11, 14 and 22 days 
after hepatectom y, w hen the animals 
were decapitated (1 0  from  the control 
group and 5 each from  the other grou ps). 
The experim ental diets were sim ilar in 
all groups o f  anim als, but in the fo llow ing 
groups these diets were supplem ented as 
fo llow s: group Se, 3 ug N a2SeO3/1 0 0  g 
body w eight; group E, 50 m g  vitam in E 3 
/k g  diet; group Se +  E, 1 ug N a2S e0 3/  
100 g body w eight plus vitam in E, 50 m g / 
kg diet. The w eight increase o f  the resi
dual liver was calculated on the basis o f 
Canzanelli’s form ula ( 1 0 ) ,  taking into 
consideration the m odifications o f  Dagradi 
et al. ( 1 1 ) .

%  r e g e n e r a t io n  =

w t  r e g e n e ra te d  l iv e r  — 
p r e s u m e d  w t  r e s id u a l l iv e r  
a f te r  h e p a te c to m y

w t o f  2  e x t irp a te d  lo b e s X 100.

A ccord ing  to the form ula above, the 
w eight o f  the regenerated liver was m eas
ured at the time the anim als were killed, 
the w eight o f  the 2 extirpated lobes being 
determ ined im m ediately after hepatec
tom y, using a precision  balance. The pre
sum ed w eight o f  the residual liver is 
calculated with the aid o f  tables, the data 
o f  w hich  are based on  the proportion  o f 
the anim al’s total body w eight and liver 
weight.

Specim ens o f  liver taken fo r  m icro 
scop ic analysis were always rem oved from  
equal distances from  the site o f  resection 
o f  the liver. A fter fixation in 10%  fo r 
m alin  the m aterial was sectioned in part 
with a freezing m icrotom e and the sec
tions were stained with Sudan III for  
study o f  lipids; the rest was em bedded in 
paraffin, sectioned at 7 u and stained with 
hem atoxylin  and eosin and M asson’s tri
chrom e stain, for  the study o f m itoses.

The num ber o f  m itotic figures and o f 
binucleated hepatocytes was expressed in 
percentage with up to 2,500 hepatic cells 
per anim al being exam ined.

RESULTS
M acroscapical aspects o f  the hepatic re

generate. In the control group a brow n- 
yellow  color was noted, characteristic o f  a 
resected liver in  the first phase o f regen
eration. A fter the seventh day this re
turned progressively to the dark-brown 
co lor o f  the norm al liver. The livers o f 
the anim als o f  group Se were dark red in 
color and the lobular outlines were 
less visible. These phenom ena persisted 
throughout the entire period o f  observa
tion. In the livers o f  anim als o f  groups E 
and S e+ E  the color o f  the hepatic regen
erate was brow n, with an alm ost unper- 
ceptible touch o f  yellow  (m ore  m arked in 
group E ). The contours o f  the lobules 
were m ore apparent than in  the previous 
groups. In the rats treated with Se and 
vitam in E the weight increase o f  the resi
dual liver was significantly greater on 7, 
11 and 14 days after hepatectom y as 
com pared with that o f  group C, m ain 

3 T a b le ta , P h a r m a c e u t ic a l  W o r k s  o f  R u m a n ia  ( t a b 
le ts  o f  0 .0 3  g  m ix e d  w ith  th e  d ie t ) .
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tained exclusively with the semipurified 
basal diet (table 1 ). In the groups sup
plem ented only with Se or vitam in E, 
significant increases were noted only on 
the eleventh day follow ing  hepatectom y.

H istological aspects o f  the liver. Con
trol group. Three days after hepatectom y 
we noted a m oderate sinusoidal hypere
m ia, num erous clear parenchym al cells, 
uniform  cellular nuclei show ing slight d if
ferences in staining, som e sporadic h istio
cytic infiltrations, num erous large sudano- 
phil droplets within the cytoplasm  o f  cells 
pertaining to the central and interm ediary

areas, and sm all droplets in the areas 
corresponding to the periphery o f hepatic 
lobules (fig . 1 ). Starting with the seventh 
day, a m oderate hyperem ia was noted 
throughout the whole period o f observa
tion, with the progressive decrease o f  fatty 
infiltration and its final disappearance on 
the fourteenth day. In other respects, the 
livers were com pletely norm al.

Group Se. On the third day after hepa
tectom y, m arked hyperem ia was noted 
throughout the w hole length o f  the he
patic parenchym a, with the appearance o f 
num erous interstitial m icrohem orrhages

T A B L E  1

Weight increase of regenerated liver of rats fed supplements of selenium, vitamin E, or selenium 
plus vitamin E (expressed as % of regenerated liver wt increase) (10, 11)

N o. o f  
d a y s  a fte r  

h e p a te c to m y
C o n tro ls  ( 1 0 )  1

S e le n iu m  ( 5 ) V ita m in  E  ( 5 ) S e le n iu m  +  V ita m in  E ( 5 )

P  v a lu e P v a lu e P v a lu e

3 7 0  ± 3 . 7 0  2 7 9  ± 4 . 3 4 0 .0 5 8 0  ±  7 .0 4 0 .3 0 7 6  ± 8 . 1 1 0 .5 0
7 8 0  ±  3 .1 8 8 9  ±  5 .5 5 0 .5 0 9 0  ± 1 2 . 8 4 0 .6 0 1 2 7  ±  9 .9 8 0 .0 2

11 7 0  ± 4 . 6 5 9 3  ± 3 . 8 4 0 .0 1 1 1 3  ±  1 2 .8 2 0 .0 2 1 3 3  ± 8 . 0 1 0 .0 0 1
14 8 9  ± 4 . 8 4 1 1 1  ±  9 .0 7 0 .1 0 1 0 2  ±  9 .4 2 0 .3 0 1 2 4  ±  5 .0 1 0 .0 1
2 1 1 0 1  ± 2 . 2 5 1 0 5  ± 4 . 3 5 0 .5 0 1 0 3  ±  6 .4 6 0 .7 0 1 0 9  ± 6 . 6 8 0 .4 0

1 N u m b e rs  in  p a re n th e s e s  in d ic a te  n u m b e r  o f  a n im a ls /g r o u p .
2 M e a n  ±  s d .

Fig. 1 Liver of control animal, 3 days after subtotal hepatectomy. Dilated sinusoids, 
moderate hyperemia, numerous large and medium-sized sudanophil droplets in the cyto
plasm of hepatic cells; hystiocytic infiltration in the vicinity of the central vein. Sudan 
III stain. X 400.
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as a result o f w hich the liver acquired a 
m otley appearance. Large sudanophil 
droplets were distributed evenly in the 
3 areas o f hepatic lobules (fig . 2 ) .  From 
the seventh day onward and throughout 
the period o f observation, a sinusoidal hy
perem ia was noted, as well as parenchy
m atous m icrohem orrhages (in  som e cases 
sporadic and circum scribed, but m ore o f 
ten dispersed throughout the prepara
tions). The fatty infiltration disappeared 
on the eleventh day (fig . 3 ) .

Group E. On the third day, the blood 
content o f the liver was som ewhat higher 
than in the controls. The hepatocytes 
were slightly hypertrophied, the nuclei o f 
hepatic cells show ing sm all differences in 
size and staining. Mitoses were observed 
m ore frequently than in the controls. The 
fatty infiltration was m ore pronounced 
and was lim ited only to the parenchym a
tous areas around the portal spaces (fig. 4). 
On the seventh day, the hyperem ia be
cam e m ore pronounced, the num ber o f 
binucleated cells increased, with some 
sporadic histiocytic infiltrations, and fatty 
infiltration was less evident than on the

third day. On the eleventh day, the fatty 
substances disappeared com pletely from  
the liver,

Group Se +  E. On the third day m od
erate hyperem ia w hich affected the liver 
sinusoids was noted. Also noted were 
greatly hypertrophied hepatocytes, m arked 
differences in the staining o f the cyto
plasm  with frequent appearance o f m itotic 
form s and binucleated cells, som e spor
adic histiocytic infiltrations and a n um 
ber o f  large sudanophil droplets in the 
cytoplasm  o f  the hepatocytes (w ithout a 
definite topography) (figs. 5, 6 ) .  From 
the seventh day on and throughout the 
whole period o f observation, we noted 
m arked sinusoidal hyperem ia (d iffuse or 
territorial), binucleated cells in consider
able proportions and som e h istiocytic in
filtrations in the area o f  periportal spaces. 
Hepatic fatty infiltration disappeared on 
the seventh day.

The m ean values o f the m itotic index, 
as w ell as those o f the binucleated hepato
cytes are shown in table 2. This table 
also includes the degree o f  fatty infiltra
tion, by w hich is m eant the size and

F ig .  2  T h e  l iv e r  o f  a n i m a l  t r e a t e d  w i t h  a  d a i l y  d o s e  o f  3  / r g / 1 0 0  g  b o d y  w e i g h t  N a 2S e 0 3, 
3  d a y s  f o l l o w i n g  s u b t o t a l  h e p a t e c t o m y .  C i r c u m s c r i b e d  m i c r o s c o p i c a l  h e m o r r h a g e s .  N u m e r 
o u s  l a r g e  v a c u o l e s  ( f a t t y )  m a y  b e  s e e n  o n  t h e  p r e p a r a t i o n .  M a s s o n ’ s t r i c h r o m e  s t a in  
X  4 0 0 .
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Fig. 3 The liver of animal treated with a daily dose of 3 ¿»g/lOO g body weight Na2SeC>3, 
14 days following subtotal hepatectomy. Marked sinusoidal hyperemia. Fatty vacuoles may 
not be seen. Hematoxylin-Eosin stain, x 500.

Fig. 4 The liver of an animal treated with daily dose of 50 mg vitamin E/1000 g food, 
3 days after subtotal hepatectomy. Slightly swollen hepatic cells, uniform cell nuclei. The 
steatosis is limited exclusively to the periportal spaces. Sudan III stain, x 400.
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Fig. 5 The liver of animal treated with daily dose of 1 fig/100 g body weight Na2Se03 
combined with 50 mg vitamin E/1000 g food, 3 days after subtotal hepatectomy. Hyper
trophied hepatocytes, the cell nuclei showing differences in size and staining. Frequent 
mitoses and numerous binucleated cells. Hematoxylin-Eosin stain. X 500.

Fig. 6 The liver of an animal treated with a daily dose of 1 fig/100 g body weight 
Na2 Se0 3  combined with 50 mg vitamin E/1000 g food, 3 days following subtotal hepatec
tomy. Numerous hepatic cells showing large fatty vacuoles. Differences in the size and 
degree of staining of cell nuclei. Greater incidence of mitoses and of binucleated cells. 
H & E. X 500.
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distribution o f  the neutral fatty droplets 
stained with Sudan III and observed m i
croscopically . The num ber o f  crosses in 
dicates the degree o f  fatty infiltration, as 
judged  on  the basis o f  50 sections per 
each animal.

DISCUSSION
The m icroscop ic analysis o f  the speci

m ens indicated that the separate adm inis
tration o f Se in daily doses o f 3 u g /100  g 
body w eight in am ounts som ew hat higher 
than the protective dose, in  addition to 
the activation o f  the m itotic processes, 
produced an intensification o f  the hepatic 
circu lation  and capillary lesions. The dark 
red co lor and the less evident outlines o f 
the lobules, characteristic o f  the hepatic 
regenerate o f rats in this series, m ay be 
explained by the considerable num ber o f 
parenchym al m icrohem orrhages, thus pro
viding evidence w hich  indicates increased 
perm eability o f  the hem ato-tissular bar
rier in the liver. The adm inistration o f 
sm aller doses o f Se, 1 u g /100  g body 
w eight com bined  with vitam in E, pro
duced a m arked w eight increase o f  the 
hepatic regenerate, as w ell as an im pres
sive intensification o f  both the m itotic 
divisions and an increase o f  binucleated 
cells (particularly in the course o f  the 
first 11 days). This supplem ent also had 
a stim ulatory effect on hepatic circu la
tion, but produced no vascular lesions. 
The lack  o f  interstitial m icrohem orrhages 
in group S e+ E  is a confirm ation o f this 
fact. V itam in E, given separately, evi
dently stimulates the increase o f mitoses 
and binucleated cells, but not to the same 
degree as in  those cases w hen its adm inis
tration is com bined  with selenium . This 
fact agrees with the observations o f  other 
authors w ho have noted that vitam in E 
has a positive effect on  the regeneration 
o f  the liver (1 2 ) .  It is also know n that 
in rats fed  a protein-deficient and vita
m in E-free diet, the developm ent o f liver 
necroses occurs, w hich  m ay be counter
acted by the adm inistration o f vitam in E
( 1 3 ) .4 Such selective effects were also

4 G y ô rg y , P . 1 94 6 , 1 94 9 , 1 95 2  I n :  L iv e r  In ju r y ,  
T r a n s a c t io n s  o f  th e  F if th ,  E ig h th  a n d  E le v e n th  C o n 
fe r e n c e s .  J o s ia h  M a c y , J r ., F o u n d a t io n  ( c i t e d  in  D ie  
L e b e r , H . P o p p e r  a n d  F . S c h a ffn e r , ed s . G e o rg  T h ie m e  
V e r la g , S tu ttg a rt, G e rm a n y , 196 1 , p . 7 8 7 , r e f.  n o . 
1 .3 1 9 ) .
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noted in our investigations on the action 
o f  other hepatostim ulatory factors (14-17).

The hepatostim ulatory effects o f  Se are 
also show n by the faster rate at w hich  
the hepatic fatty infiltration disappears, 
as com pared with the rate o f  disappear
ance in  the controls. In our previous com 
m unications (1 8 - 2 0 )  w e dem onstrated 
that the sudanophil droplets observed in 
the hepatic cells constitute one o f  the 
m ain  sources o f  energy o f  the karyokinetic 
process occurring in  the liver, exhausting 
itself in  proportion to the degree o f inten
sification o f  the latter. This fa ct is in 
accordance with observations in  the pres
ent study.

CONCLUSIONS
Our observations m ay be sum m arized as 

fo llow s :
1. N a2S e0 3 given in  com bination  with 

vitam in E produces a considerable inten
sification o f  the processes leading to the 
regeneration o f  rat liver, fo llow ing  sub
total hepatectom y. These effects are m uch  
m ore pronounced  than in  the cases where 
the above 2 substances are given singly 
to various groups o f  animals.

2. N a2S e0 3 has a selective influence on 
the m itotic process, w hile on  the binu- 
cleated cells it has only a slight influence. 
C om bined with vitam in E, it clearly stim
ulates the different form s o f  cell division 
in the liver.

3. It appears that the physiological dose 
necessary fo r  the stim ulation o f  liver re
generation is about 1 n g /100  g body 
weight. Adm inistered in larger quantities, 
the selenium  not on ly stimulates the kary
okinetic process, but also produces certain 
toxic effects on the vascular system in the 
form  o f  parenchym atous m icrohem or
rhages.

LITERATURE CITED
1. Schwarz, K. 1958 In: Liver Function, ed., 

R. W. Brauer. American Institute of Bio
logical Sciences, Washington, D. C., p. 528.

2. Schwarz, K. 1961 Development and status 
of experimental work on Factor3 -selenium. 
Federation Proc., 20 (2): 666.

3. Fink, H., I. Schlie and U. Ruge 1958 
Ueber emaehrungsphysiologische Veränder
ungen der Milch beim technischen Trock
nen. Z. Naturforsch., 13: 9, 610.

4. Fink, H. 1960 Die Rolle des Selenspuren
gehalts bei der Milchtrockung. Int. J. Vi- 
talst.-Zivilisationskrankh, 19: 137.

5. Fink, H. 1960 Selengehalt und Verhalten 
von Magermilchpulvern hinsichtlich der ali
mentären Lebernekrose der Ratte. Naturwis
senschaften, 47: 499.

6. Schlie, I. 1964 Versuche zur Auffindung 
der schonendsten Art der Futterzubereitung 
im Rattenwachstumtest, geprüft an Mager
milchpulver-Diäten. Nahrung, 8: 234.

7. Rumler, W. 1963 Ueber den Einfluss 
kleiner Selenit-Dosen auf die toxische Leber
verfettung. Acta Biol. Med. Germ., 11: 200.

8. Maros, T., L. Seres-Sturm, M. Csiky und
I. V. Koväcs 1960 Ueber die Wirkung von 
intraperitonealer Verabreichung des Sauer
stoffes auf die Regeneration der Rattenleber. 
Kiserl. Orvostud., 12: 140.

9. Maros, T., I. V. Koväcs, L. Seres-Sturm and 
M. Csiky 1960 Vergleichende experimen
telle Untersuchungen ueber die Wirkung 
einzelner Leberschützende Pharmaks auf 
die Leberregeneration. Kiserl. Orvostud., 
12: 183.

10. Canzanelli, A., D. Rapport and R. Guild 
1949 Control of liver regeneration and 
nucleic content by the thyroid: with obser
vations on the effects of pyrimidines. Amer.
J. Physiol., 157: 225.

11. Dagradi, A., G. De Candia and O. Bellini 
1958 La rigenerazione epatica sperimen- 
tale. Chir. Patol. Sperim., 6: 802.

12. Simon, G., K. Sasväri, B. Boga and T. Nyari 
1964 Gemeinsame Wirkung der Verabrei
chung Cholinesterase-hemmenden Mittel und 
Vitamin E auf die Leberregeneration und 
auf die Cholinesterase Aktivität., Kiserl. Or
vostud., 16: 272.

13. Popper, H., and F. Schaffner 1961 Die 
Leber (Struktur und Funktion). Georg 
Thieme Verlag, Stuttgart, p. 58.

14. Maros, T., B. Katonai and I. V. Koväcs 
1962 Wirkung des wässeriger Extraktes von 
Melilotus officinalis auf die regenerierende 
Leber. Kiserl. Orvostud., 14: 314.

15. Maros, T., L. Räcz, G. Ardeleanu, B. Katonai 
and I. V. Koväcs 1963 Investigations re
garding the stimulating action of brown 
coal dust from the coal district of Ploesti, 
on hepatic regeneration (text in Rumanian). 
Igiena (Buc.), 12: 39.

16. Maros, T., I. V. Koväcs, B. Katonai, L. Räcz 
and I. L. Bosy 1963 The effect of lignite- 
powder on the experimental regeneration of 
the liver (text in Rumanian). Rev. Med., 
9: 295.

17. Maros, T., G. Räz, B. Katonai and I. V. 
Koväcs 1966 Wirkungen der Cynara-Scoly- 
mus Extrakte auf die Regeneration der Rat
tenleber. Arzneim. Forsch., 16: 127.

18. Maros, T., I. V. Koväcs und G. Fodor 1965 
Wirkungen des Selens und der Vitamins E 
auf den Zellteilungsprozess in der Rattenle
ber. Cytologie. Rev. Roum. d’Embryol. Cytol. 
(Serie Cytologie), 11: 101.



SE LE N IU M , V IT A M IN  E A N D  R E G E N E R A T IO N  OF R A T  L IV E R 227

19. Maros, T., L. Seres-Sturm, M. Csiky and 20. Maros, T., and L. Seres-Stunn 1964 Quel- 
I. V. Kovâcs 1961 Le modificazioni dei ques observations concernant la stéatose
fenomeni primari della rigenerazione epatica hépatique pendent la régénération experi-
sotto Tinfluenza di alcuni sostanze stimolanti mentale du foie. Rev. Roum. d’Embryol.
e di vari interventi chirurgici practicati sul Cytol. (Série Cytologie), 11: 35.
sistema nervoso centrale. Fegato, 7: 39.

a# *»,
1



Effect of Different Essential Amino Acid Deficiencies 
on Amino Acid Pools in Rats 1,2

A. J. CLARK, Y. PENG a n d  M. E. SWENDSEID
School of Public Health, University of California, Los Angeles, California

ABSTRACT The effects of single essential amino acid deficiencies on the quantities 
of free amino acids present in plasma, liver, and muscle were investigated. Rats were 
force-fed for 3-day periods diets devoid in either leucine, isoleucine, valine, or threonine.
At 8 hours postprandial, the amino acid limiting in the diet, without exception, was 
decreased in concentration in plasma and liver tissue. However, leucine and threonine 
showed greater decreases in concentration in the amino acid pools when these amino 
acids were omitted from the diet than the decreases for isoleucine or valine when 
these amino acids were deficient. The changes in amino acid concentrations in liver 
tissue were correlated with those in plasma to a greater extent than the alterations 
in amino acid values of muscle tissue. When rats were fed the diet without leucine, 
significant elevations occurred in many of the amino acids in the amino acid pools 
and, particularly in isoleucine and valine.

There is considerable experim ental evi
dence to show  ( 1 - 4 )  that an increase or 
a decrease in  the dietary level o f  an essen
tial am ino acid results in a corresponding 
change in the concentration  o f  that am ino 
acid in  plasm a. In addition, the values for 
other am ino acids in  plasm a m ight also be 
altered. H ow ever, it appears possible that 
a severe dietary deficiency o f  one particu
lar am ino acid w ould have a greater effect 
on  plasm a am ino acid levels than a defi
c ien cy  due to another am ino acid  and that 
changes in the free am ino acid concentra
tions o f  liver and m uscle m ight not be 
correlated with those o f  the plasm a. The 
effects o f  single essential am ino acid  de
ficiencies can  be investigated only in  ex
perim ents where diets contain ing purified 
am ino acids are used and nutrient intake 
is controlled. Very few  studies o f this 
nature have been conducted. Sidransky 
and Verney ( 5 )  reported that only m inor 
changes occurred in the am ino acid levels 
in  liver tissue o f  rats force-fed  am ino acid 
m ixtures devoid o f  a single essential 
am ino acid. Roberts ( 6 ) ,  using the paired- 
feed ing technique, reported that rats fed  
a diet deficient in  phenylalanine exhibited 
alterations in the plasm a levels o f  several 
essential and nonessential am ino acids. 
Dean and Scott ( 7 )  fed  ch icks diets defi
cient in either lysine or valine for 6-hour 
periods and observed a m arked low ering 
o f  the lim iting dietary am ino acid and an

increase in m ost o f  the other am ino acids 
in  plasm a.

The present studies were conducted  in 
rats to com pare the effects o f  several d if
ferent essential am ino acid deficiencies on 
the am ino acid levels in  plasm a during the 
postabsorption period and to determ ine 
whether the alterations in  plasm a am ino 
acids were associated with concom itant 
changes in  liver and m uscle tissue. In 
these studies, rats were force-fed  diets lack
ing in  either leucine, isoleucine, valine, or 
threonine.

EXPERIMENTAL
M ale rats (2 1 0  g) o f  the Sprague-Dawley 

strain were allotted at random  to the treat
m ents in each experim ent. T he control 
anim als received the com plete am ino acid 
(C A A ) diet. The experim ental anim als re
ceived diets sim ilar to the CAA diet but 
devoid o f  a single essential am ino acid, 
either leucine (—Leu), isoleucine (—lie u ), 
valine ( —V a l), or threonine ( —T h r). Glu
cose was substituted fo r  the m issing es
sential am ino acid.

The com position  o f  the CAA diet was as 
fo llo w s : ( %  )  l-am ino acids in a m ixture

R e c e iv e d  f o r  p u b lic a t io n  J u n e  2 3 , 1966.
1 T h is  w o rk  w a s  su p p o r te d  in  p a r t  b y  th e  P u b lic  

H e a lth  S erv ice  R e s e a rc h  G ra n t n o . A  1 34 7  a n d  th e  
N a t io n a l  D a ir y  C o u n c il .

2 P re se n te d  in  p a r t  a t th e  a n n u a l m e e t in g  o f  th e  
F e d e ra tio n  o f  A m e r ic a n  S o c ie t ie s  f o r  E x p e r im e n ta l  
B io lo g y ,  A t la n t ic  C ity , (F e d e r a t io n  P r o c .,  2 5 :  2 3 9 , 
1 9 6 6 ) .

2 2 8 J. N u t r it io n , 90: ’ 66
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sim ulating casein , 21 .46 ; glucose, 60 .34 ; 
corn  oil,3 10.00; m ineral m ix ,4 4 .00; 
cellu lose,5 2 .00 ; and vitam in m ixture,6 
2.20. The com position  o f  the am ino 
acid  m ixture was as fo llow s ( % ) :  
tryptophan, 0 .25 ; lysine-HC1, 1 .81; ar- 
ginine-H Cl, 0 .89 ; h istid ineH C 1, 0 .68 ; 
phenylalanine, 0 .98 ; leucine, 1.82; isoleu
cine, 1.19; valine, 1.34; m ethionine, 0 .56 ; 
threonine, 0 .78 ; serine, 1.22; glutam ic 
acid, 4 .18 ; tyrosine, 1.05; cystine, 0 .27 ; 
proline, 2 .13 ; aspartic acid, 1.34; alanine, 
0 .61; and glycine, 0.36. The vitam in m ix
ture contributed the fo llow in g  am ounts 
(m g /1 0 0  g d ie t ): vitam in A , 0.59 (1 9 8 0  
IU ); vitam in D, 0 .006 (2 2 0  IU ); a-tocoph- 
erol, 11.0; ascorbic acid , 99.0 ; inositol, 
11.0; choline chloride, 165.0; m enadione, 
5 .0; p -am inobenzoic acid, 11.0; n iacin , 9.9; 
thiamine-HC1, 2 .2 ; riboflavin, 2 .2 ; Ca 
pantothenate, 6 .6 ; biotin, 0 .04 ; fo lic  acid, 
0 .2 ; pyridoxine-H C l, 2 .2 ; and vitam in B i2, 
0.003.

In experim ent 1, to prevent alterations 
occurring in  the am ino acid pools due to 
a decreased food  intake, the rats were fed  
by stom ach tube using the feed ing proce
dure o f  Sidransky and Verney ( 5 ) .  The 
rats received 18.6 g o f diet per day (6 .2  g /  
fe ed in g ). For the tube feeding, the diets 
were m ixed  with tap water, hom ogenized 
in  a W aring Blendor, and diluted to a total 
volum e in  m illiliters that was equivalent 
to the gram s o f  dry diet. T o accustom  the 
anim als to the feed ing procedure, all ani
m als w ere prefed  an 18%  casein diet, 
prepared as described above, fo r  2 days 
prior to adm inistering the experim ental 
diets contain ing the am ino acids. These 
diets were then fed  for  3 days. The rats 
were anesthetized with ether at 13 hours 
after the last intubation and blood was re
m oved fo r  subsequent am ino acid analysis.

In experim ent 2, two m odifications o f 
the feed ing procedure were m ade. The rats 
were fed  4 times daily, at 8 :0 0  a .m , 1 :0 0  
p m ,  5 :3 0  p m , and 1 0 :3 0  p m  and they re
ceived 20 g o f diet per day (5  g /fe e d in g ). 
They were killed at 8 hours postprandial 
and blood  and liver and m uscle were re
m oved fo r  am ino acid  analysis. In a pre
lim inary experim ent, an attempt was m ade 
to define a time interval after feed ing dur
ing w hich the plasm a am ino acids re
m ained in  steady state equilibrium  with

the tissues after feeding. Rats were fed  5 g 
o f  the CAA diet and killed at 2-hour inter
vals over a 10-hour period. It was found 
that m ost o f  the am ino acids reached their 
highest levels in plasm a 2 or 4 hours after 
feed ing  and were greatly decreased by 6 
hours, with a further sm all decline by 8 
hours. At 10 hours, the values were very 
sim ilar to those o f  the 8-hour period. 
T herefore, the 8-hour interval was selected 
fo r  the killing tim e as representing a post
absorption steady state concentration  o f 
am ino acids under these experim ental con 
ditions.

A m ino acid analyses were perform ed by 
ion-exchange chrom atography ( 8 )  on  de- 
proteinized supernatants o f  plasm a, liver 
and m uscle (gastrocn em iu s). These su
pernatants were prepared with som e m odi
fications o f the procedure o f  Stein and 
M oore ( 9 )  fo r  plasm a, and the m ethod o f 
T allan  et al. (1 0 )  for the other tissues. 
A  3%  sulfosalicyclic acid solution (1 1 )  
was substituted for picric acid in  preparing 
the samples. A fter the b lood  was rem oved 
by cardiac puncture, the liver and m uscle 
were quickly excised, freed o f fat and con 
nective tissue, w eighed, and cut into small 
pieces. For the liver, 1 g was hom ogenized 
im m ediately (Potter-E lvehjem  hom ogen- 
izer ) w ith a ten fold  am ount o f  acid. For 
the m uscle, 0.5 g was im m ediately ground 
in the W aring B lendor with a 20-fold  
am ount o f  acid. A ll samples were cen 
trifuged prom ptly for 10 m inutes at 2000 
re v /m in  and stored at — 20° until analysis 
was perform ed. Asparagine and glutam ine 
were not separated chrom atographically 
and are reported as a m ixture. The data 
were statistically analyzed by m ethods de
scribed by Snedecor (1 2 ) .

RESULTS
Grow th rate and am ino acids in plasm a  

(exp . 1, table 1). All groups o f  anim als 
fed  the am ino acid-deficient diets, except 
those receiving the —Leu diet, lost w eight 
during the 3-day experim ental period. The 
group receiving the CAA diet gained 
w eight but at a slow  rate for this type o f

3 M a z o la , C o rn  P r o d u c ts  C o m p a n y , A r g o , m in o is .
4 H e g s te d  M in e ra l  M ix ,  N u tr it io n a l  B io c h e m ic a ls

C o r p o r a t io n , C le v e la n d , (H e g s te d  e t  a l., J. B io l . C h e m ., 
1 3 8 :  4 5 9 ,  1 9 4 1 ) .  _

5 C e llu  F lo u r , C h ic a g o  D ie te t ic  S u p p ly  H o u se , 
C h ic a g o .

6 T h e  v ita m in  fo r t i f ic a t io n  m ix tu re  w a s  o b ta in e d  
f r o m  N u tr it io n a l  B io c h e m ic a ls  C o rp o ra t io n , C le v e la n d .
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TABLE 1
P la sm a am ino  ac id  leve ls 1 and grow th rate o f ra ts fed  diets devoid o f a sing le  

essentia l am ino  ac id  (exp. 1)

Diet
Error

variance 3Amino acid Complete amino 
acid (6) 2

— Leu (5) — lieu (5) -V a l (5) -T h r  (3)
F ratio 4

Threonine 26.0 16.0 20.4 24.8 8.4 5 21.12 9.62**
Valine 6.5 26.7 5 7.2 8.4 8.1 83.62 5.56**
Isoleucine 4.7 9.5 4.3 4.1 4.4 12.06 2.17
Leucine 9.3 4.4 5 6.6 6.7 7.5 1.89 8.31**
Methionine 2.4 1.7 2.8 3.3 3.1 0.48 4.17*
Phenylalanine 2.9 3.0 3.4 3.8 3.3 0.45 1.54
Total mean body

wt gain, g 5.2 1.2 — 3.6 5 -2 .2  5 -5 .0  s 8.26 9.73**
1 V a lu e s  are  th e  m e a n s  i n  / tm o le s /1 0 0  m l  f r o m  in d iv id u a l  d e te rm in a tio n s .
2 N u m b e r s  in  p a re n th e s e s  in d ic a te  n u m b e r  o f  r a t s /t r e a tm e n t .
3 d f  f o r  e r ro r  v a r ia n c e  =  19.
4 * P  <  0 .0 5 ; * *  P  <  0 .01 .
5 In d ic a te s  s ig n if ic a n t  d i f fe r e n c e  f r o m  c o m p le te  a m in o  a c id  d ie t  v a lu e s .

diet. Som e rats on  each  treatm ent had 
occasional diarrhea, a condition  that was 
not observed in  the next experim ent w hen 
a different feed ing  procedure was intro
duced.

For the groups o f  anim als fed  the diets 
from  w hich  an am ino acid  had been 
om itted, except those fed  the — Val diet, 
the m ean postabsorption plasm a am ino 
acid  value o f  the am ino acid m issing from  
the diet was low er than the value in  rats 
receiving the CAA diet. H ow ever, only 
threonine and leucine were significantly 
decreased under the conditions o f  this ex
perim ent.

In addition to these changes, the ani
m als receiving the —Leu diet show ed a 
significant increase in  valine as com pared 
with the values o f all other groups. The 
level o f  isoleucine was elevated and the 
m ethionine was depressed, but the changes 
were not significant.

The nonessential am ino acids were not 
tabulated fo r  this experim ent because only 
m inor differences were observed am ong 
the groups fed  the different diets.

Grozvth rate and am ino acids in plasm a  
(exp . 2, table 2). In this experim ent, the 
anim als fed  the CAA diet gained tw ice as 
m u ch  w eight as the anim als receiving the 
sam e diet in  experim ent 1. This result 
w as probably due to the im proved feeding 
procedure. Only the anim als fed  the —'Thr 
diet were unable to m aintain  their initial 
body w eight during the 3-day period. A ll 
other groups gained less w eight than the

controls, w ith the rats fed  the —Leu and 
—Val diets show ing the least depression in 
growth rate.

A gain in  this experim ent, adm inistering 
diets from  w hich  an am ino acid had been 
om itted resulted in a low er m ean  level o f 
that am ino acid in  the plasm a as deter
m ined 8 hours postprandial. The levels o f 
threonine and o f leucine in  plasm a were 
significantly low er in  rats fed  the —Thr 
and —Leu diets, respectively, than in  rats 
fed  the CAA diet.

W hen the —Leu diet was fed , signifi
cantly higher values fo r  m any o f the 
am ino acids in plasm a were obtained. 
The levels o f  valine, isoleucine, phenyla
lanine, m ethionine, alanine, asparagine- 
glutam ine and proline were all signifi
cantly increased in com parison  with values 
from  rats fed  the CAA diet. In particular, 
isoleucine and valine values show ed ex 
treme elevations.

W hen  the am ino acid-deficient diets 
other than the —Leu diet were fed , general
ized increases in  plasm a am ino acid levels 
were not observed but occasional changes 
were noted. The rats fed  the —lieu  diet 
show ed a decreased theronine level and 
cystine was increased as com pared with 
values fo r  rats fed  the CAA diet. The rats 
given the —Val diet showed increased 
levels o f  phenylalanine, tyrosine, cystine 
and asparagine-glutam ine. W hen the 
—T hr diet was adm inistered, a significant 
increase in  the level o f  phenylalanine re
sulted.
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TABLE 2

Am ino acid levels 1 in  the plasm a and growth rates of rats fed the various diets (exp. 2)

Amino acid Completeamino
acid

— Leu

Diet 

— lieu -V a l -T h r
Error 

variance 2 F ratio 3

Threonine 29.4 35.8 19.2 32.4 7.7 4 41.54 15.76**
V aline 10.9 72.6 4 12.1 5.7 11.6 15.37 256.85**
Isoleucine 5.3 27.1 4 4.2 6.6 5.7 5.75 81.92**
Leucine 10.2 4.8 4 9.3 10.3 9.2 4.32 5.98**
Methionine 2.2 3.9 4 2.8 3.2 3.2 0.64 3.05*
Phenylalanine 3.2 7.2 4 4.7 5.2 5.8 4 1.32 7.91**
Tyrosine 9.4 17.6 13.9 18.5 8.1 27.20 4.02*
Cystine 4.9 9.2 12.1 4 7.9 6.5 8.10 4.65**
Serine 32.5 30.3 27.4 28.6 28.4 29.48 0.68
Asparagine-glutamine 30.1 58.1 4 26.4 42.2 33.4 192.25 4.16*
Proline 13.1 21.5 4 14.0 17.7 14.6 8.81 6.71**
Glutamic acid 10.7 21.2 15.9 11.5 10.7 99.35 1.94
Glycine 17.6 24.2 15.4 16.8 24.6 38.93 2.44
Alanine 44.8 78.0 4 47.0 45.3 57.1 262.52 3.78*
Lysine 5 56.4 57.9 44.1 61.2 69.2
Histidine 5 4.3 5.9 4.5 6.8 6.3
Arginine 5 12.7 10.0 10.6 12.3 16.3
Total mean body 

wt gain, g 12.0 8.0 4.0 4 7.0 -0 .3  4 11.62 13.39**
1 Values are the means in  /¿moles/100 ml from individual determinations of 5 ra ts /trea tm ent except for 

the basic amino acids.
2 df for error variance =  20.
3 * P <  0.05; ** P <  0.01.
4 Indicates significant difference from complete amino acid diet values.
5 Values are the means from two determinations of pooled samples from 5 rats. Data not analyzed statis

tically.

A m ino acids in liver and m uscle (exp . 2, 
table 3). The am ino acid  content o f liver 
tissue from  rats fed  the am ino acid-defi
cient diets show ed the same changes in 
com parison  with the control anim als as 
observed fo r  plasm a. Values fo r  threonine 
and leucine in  liver were low ered signifi
cantly in  anim als fed  the —Thr and —Leu 
diets, respectively. The m ean values for 
valine and isoleucine were also decreased, 
but not significantly in  rats fed  the — Val 
and —lieu  diets, respectively. In rats fed  the 
—Leu diet, the levels o f  the other branched- 
chain  am ino acids and alanine were in 
creased significantly.

As com pared  with the control group, the 
anim als fed  the am ino acid-deficient diets 
show ed few er differences in am ino acid 
com position  in  m uscle tissue than those 
evidenced in  plasm a and liver tissue. 
Threonine and leucine were significantly 
low ered in concentration  in  the m uscle o f 
anim als receiving the —Thr and —lieu  
diets, respectively. H ow ever, the m ean val
ue o f  isoleucine in m uscle was slightly in 
creased w hen the —lieu  diet was fed  and

likewise the valine value was higher in 
rats receiving the —Val diet. The adm inis
tration o f  the —Leu diet resulted in  a sig
nificant increase in the levels o f  valine and 
isoleucine and in  addition, the values o f 
m any other am ino acids in m uscle were 
also elevated.

DISCUSSION
These results obtained with diets con 

taining am ino acid m ixtures are in  agree
m ent with data from  low  protein diets in 
that the plasm a and tissue concentrations 
o f  the lim iting dietary am ino acid were 
decreased in  all instances (1 3 , 1 4 ). H ow 
ever, it was fou n d  that the feed ing o f  low  
protein diets in  both anim als and hum ans 
is associated with increases in the levels o f 
som e o f  the nonessential am ino acids in 
plasm a and a resultant low er ratio o f  essen
tial to nonessential am ino acids (15, 16). 
These changes were not observed with any 
o f  the am ino acid-deficient diets studied 
here. A possible explanation for  this differ
ence in  response m ight be related to the 
calorie intake. It has been fou n d  that under
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som e conditions the caloric requirem ents 
are increased fo r  diets contain ing am ino 
acids (17). It is possible that in  animals re
ceiv ing am ino acid m ixtures there is a 
lim ited availability o f  the carbon  chain  for 
the synthesis o f  nonessential am ino acids 
and hence these am ino acids are not in 
creased in plasm a.

There is som e evidence in  the experi
m ents reported here that the effects o f 
dietary am ino acid deficiencies on plasm a 
and tissue am ino acid  levels are dependent 
to som e degree upon the time interval be
tween feed ing and m easuring the am ino 
acid  concentrations. The data presented 
in tables 1 and 2 indicate that animals re
ceiving the CAA diets had sim ilar plasm a 
am ino acid concentrations at 13 hours 
and 8 hours after feeding. H ow ever, when

the differences in  am ino acid  values in 
the plasm a o f anim als fed  the am ino acid- 
deficient diets are com pared with the val
ues o f  the anim als given the CAA diet, the 
differences are m uch  greater at 8 hours 
(table 2 )  than at 13 hours (table 1 ) after 
feeding. In the experim ents reported by 
Sidransky and Verney ( 5 )  anim als fed  
various diets devoid o f  an essential am ino 
acid, in  com parison  with control anim als, 
were observed to have only m inor differ
ences in  am ino acid concentrations in 
liver tissue obtained 18 hours after feed 
ing. It appears that the alterations in  
am ino acid levels resulting from  dietary 
am ino acid deficiencies are lessened as the 
postprandial time is increased. This situa
tion m ay not pertain, how ever, i f  the labile 
protein reserves o f  the anim al have been

TABLE 3
Amino acid levels 1 in liver and muscle of rats fed the various diets

Amino acid Complete
amino
acid

— Leu

Diet 

— lieu -V a l — Thr
Error 

variance 2 F ratio 3

Threonine 95.1 47.2
Liver

60.2 112.5 39.8 4 735.33 6.73**
Valine 23.7 73.1 4 14.9 17.2 18.7 93.38 33.53**
Isoleucine 14.2 26.8 4 7.9 11.7 11.4 16.92 20.68**
Leucine 30.6 14.9 4 21.3 26.6 23.4 37.77 4.58**
Methionine 6.9 7.6 6.6 7.6 7.0 10.86 0.109
Phenylalanine 9.6 8.8 8.2 9.5 9.8 3.58 0.60
Tyrosine 17.9 20.9 14.0 23.3 12.8 37.37 2.67
Aspartic acid 171.3 120.6 147.4 110.1 5 233.6 3920.97 3.09*
Serine 127.2 109.0 65.2 4 155.4 150.2 931.22 7.16**
Asparagine-glutamine 300.2 483.7 229.5 427.8 328.1 35617.18 1.46
Glutamic acid 332.9 334.5 303.1 277.0 268.0 4584.84 1.03
Glycine 230.9 287.4 198.5 239.1 232.2 1951.37 2.61
Alanine 431.2 659.2 4 420.6 429.3 500.4 12124.25 4.20*

Threonine 90.5 70.9
Muscle 

77.2 113.2 29.4 4 257.64 18.40**
Valine 13.0 71.3 4 22.7 15.4 19.3 290.08 9.46**
Isoleucine 8.5 29.5 4 9.5 11.7 11.5 5.90 63.87**
Leucine 13.7 10.0 20.4 19.4 16.8 41.06 2.22
Methionine 4.1 2.1 2.7 3.0 5.1 8.68 0.71
Phenylalanine 5.8 8.3 9.3 13.0 10.0 33.52 1.04
Tyrosine 15.2 24.4 29.2 45.9 22.2 574.50 1.15
Aspartic acid 25.2 33.4 32.0 25.4 24.3 33.13 2.76
Serine 160.3 98.5 4 132.9 144.0 120.0 634.17 4.36*
Asparagine-glutamine 320.0 306.7 323.1 418.3 309.3 6440.09 1.70
Proline 34.6 58.2 56.5 67.1 41.1 313.71 2.79
Glutamic acid 83.4 107.8 95.3 108.1 5 80.7 291.48 2.91*
Glycine 219.7 257.7 245.3 265.2 274.6 1681.72 1.34
Alanine 295.9 350.3 394.8 355.7 367.4 7162.28 0.91

1 V a lu e s  a re  th e  m e a n s  in  /¿ m o le s /1 0 0  g  w e t  w e ig h t  f r o m  in d iv id u a l  d e te r m in a t io n s  o f  5  r a t s /t r e a tm e n t .
2 d f  f o r  e r ro r  v a r ia n c e  =  20.
3 * P < 0.05; ** P < 0.01.
4 In d ic a te s  s ig n if ic a n t  d i f fe r e n c e  f r o m  c o m p le te  a m in o  a c id  d ie t  v a lu e s .
5 In d ic a te s  s ig n if ic a n t  d i f fe r e n c e  f r o m  — T h r  v a lu e s .
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depleted. The changes in  am ino acid  pat
terns resulting from  dietary regim ens 
should be studied further in  relation to 
postprandial time and the severity o f  the 
am ino acid deficiency state.

This study has provided evidence that 
the free am ino acid  pools in  m uscle re
spond som ew hat differently than those in 
liver to diets deficient in  an essential 
am ino acid. Changes in  am ino acids in 
liver tissue appeared to have a higher cor
relation with the alterations observed in 
am ino acid concentrations in  plasm a than 
did m uscle tissue. For exam ple, in  liver 
the isoleucine, valine, leucine, and threo
nine levels were reduced in  value fo r  ani
m als fed  diets deficient in  these am ino 
acids as com pared  with values for the con 
trol anim als. H ow ever in  m uscle, isoleu
cine and valine were increased slightly in 
concentration  but leucine and threonine 
were decreased w hen these am ino acids 
were om itted from  the diet.

The results obtained with this study in 
dicate that specific am ino acid deficiencies 
invoked under constant experim ental con 
ditions, in clud ing fo o d  intake, produce 
varying responses in the am ino acid  pools. 
In part, these varying responses relate to 
the degree by w hich  the am ino acid defi
cient in  the diet is reduced in  concentra
tion in  plasm a and tissues. Throughout 
this study, adm inistering the —Thr and 
—Leu diets produced greater decreases in 
values fo r  the lim iting dietary am ino acid 
in  plasm a and tissues than did either the 
—Val or the —lieu  diets. The threonine level 
was decreased to the greatest extent in  the 
am ino acid pools and the threonine-defi
cient anim als also evidenced the greatest

depression in  growth rate, but fo r  the 
other deficient groups, decreases in  am ino 
acid concentrations in  plasm a and tissues 
and growth rate were not w ell correlated.

Adm inistering diets from  w hich  an es
sential am ino acid was om itted caused al
terations o f  am ino acid levels in  plasm a 
and tissues other than the am ino acid 
m issing in  the diet. The —Leu diet was 
distinct from  all other am ino acid-defi
cient diets tested in  this respect. It is not 
know n whether the increased concentra
tions that occurred fo r  m any o f  the am ino 
acids, (especia lly  isoleucine and va line) 
resulted in  the prim ary instance from  al
terations in  m etabolism  or in  transport. 
Rogers et al. (1 8 )  fed  rats diets contain ing 
excess am ounts o f leucine and observed 
decreases in  plasm a concentrations o f iso
leucine and valine, the opposite effect o f 
the results reported here with a —Leu diet. 
These observations suggest that leucine 
m ay have som e special role in  m aintain
ing am ino acid hom eostasis and there is 
som e evidence that this m ay occu r through 
horm onal m ediation (1 9 ) .

Lym an and W ilcox  (2 0 )  have show n 
that anim als fed  diets devoid o f  an essen
tial am ino acid for 3 days have a norm al 
proportion o f  total body water. Assum ing 
a norm al distribution betw een intra- and 
extracellular space, calcu lations (2 1 , 2 2 ) 
can  be m ade fo r  the intracellular con cen 
trations o f  am ino acids in the liver and 
m uscle cells. The results expressed on 
the basis o f  intracellular w ater content 
show  the same relations in  am ino acid 
levels am ong anim als receiving the con 
trol and am ino acid-deficient diets as those 
presented fo r  w hole tissue (table 3 ) .  H ow-

table 4
Calculated distribution ratios1 of the essential amino acids between intracellular muscle 

water and plasma of rats receiving the various diets

Amino acid Completeamino
acid

— Leu

Diet 

— lieu — Val — Thr

Threonine 4 . 3 2 . 7 5 . 7 4 . 8 5 . 2

Valine 1 . 6 1 . 2 2 . 5 3 . 7 2 . 2

Isoleucine 2 . 2 1 . 4 3 . 1 2 . 3 2 . 7

Leucine 1 . 8 2 . 8 3 . 0 2 . 5 2 . 5

Methionine 1 . 2 0 . 8 1 . 2 1 . 1 1 . 9

Phenylalanine 2 . 4 1 . 5 2 . 7 4 . 1 2 . 3

1 Plasma was assumed to contain 92% H2O; m uscle was assumed to contain 76% H2O and o f  this,
84% is intracellular.
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ever, w hen  the distribution ratios o f  the 
essential am ino acids betw een intracellu
lar m uscle water and the plasm a (table 3 
and 2 )  are calculated, som e differences 
occur, as sum m arized in  table 4. For rats 
fed  each o f  the am ino acid-deficient diets, 
the m uscle-to-plasm a ratio o f  the am ino 
acid  om itted from  the diet is higher than 
fo r  rats fed  the control diet. This indicates 
a com pensatory concentration  w ithin the 
m uscle cell o f  the am ino acid  that is de
ficient in  the diet. W ith the other am ino 
acids, the distribution ratios betw een m us
cle and plasm a tended to be higher fo r  rats 
fed  the am ino acid-deficient diets, except 
fo r  those fed  the —Leu diet where the 
ratios were low er. These data suggest that 
there is no difficulty in  am ino acid  trans
port in  the am ino acid deficiencies inves
tigated here with perhaps the exception  o f 
a leucine deficiency. It is possible that the 
low  m uscle-to-plasm a distribution ratios 
w hich  occu r with a leucine deficiency are 
secondary to the extrem ely high con cen 
trations o f  isoleucine and valine. The e f
fect o f  leucine on  am ino acid transport 
should be investigated further.
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Digestion of Potato Starch by Larvae of the Flour 
Beetle, T iib o liu m  c a s ta n e u m

SHALOM W. APPLEBAUM
The Hebrew University, Faculty of Agriculture, 
Rehovot, Israel

ABSTRACT Tribolium castaneum larvae do not develop when fed a diet in which 
potato starch is the sole source of carbohydrate. The physical resistance of the intact 
starch granule hinders digestion but boiling and disrupting the starch granules only 
partly improves it. The esterified phosphate present in the /9-amylase limit-dextrin 
(3-dextrin) of potato starch affects the pattern of amylatic degradation by Tribolium 
amylase, and previous dephosphorylation in vitro slightly improves subsequent utiliza
tion by the larvae in vivo and digestion by larval amylase in vitro. The endogenous 
larval midgut phosphatase is apparently not effective in carrying out this déphos
phorylation in vivo. The comparative action patterns (the distribution of products of 
amylolysis as evidenced by chromatographic means) of Tribolium amylase and of 
salivary o-amvlase on /3-dextrins differ. The nutritional significance of the variant 
modes of action and products of hydrolysis is expressed in the observation that pre
digestion in vitro of potato starch /3-dextrin by salivary a-amylase results in the com
plete utilization of the hydrolyzed /3-dextrin by Tribolium larvae in vivo.

A previous investigation on the utiliza
tion o f  starch by larvae o f  the Rust Red 
flour beetle, Tribolium  castaneum  (H erbst), 
indicated the applicability o f  this b iologi
cal system in  assessing the nutritional 
value o f  starches and starch fractions (1). 
Potato starch, w hich  is know n to be o f 
poor nutritional value fo r  poultry ( 2 )  and 
rats ( 3 ) ,  apparently affected the develop
m ent o f  Tribolium  in  a sim ilar m anner. 
This was attributed in part to the resist
ance o f  the intact starch granule to diges
tion, as boiled potato starch did support 
suboptim al larval developm ent. The ob
servation that larvae o f  Tribolium  could 
not utilize the (3-amylase lim it-dextrin 
(3 -dextrin ) core o f potato starch led to the 
suggestion that this could  be attributed to 
the presence o f  esterified phosphorus in 
that fraction . This suggestion was sup
ported by the observation that the 3-dex
trin o f am ylopectin from  other sources did 
afford optim al growth ( l ) . * 1 The present 
study was an attempt to ascertain whether 
the esterified phosphate is indeed im pli
cated in  the poor utilization o f potato 
starch by Tribolium  larvae and to deter
m ine the role o f  amylase specificity in  the 
overall resistance.

MATERIALS AND METHODS
Larvae o f T. castaneum  (H erbst) were 

o f  the sam e strain used in  previous experi

m ents ( 1 ) .  They were reared with w hole 
wheat flour in  glass jars at the optim al 
tem perature o f  32° ( 8 ) .

In vitro en zym ic experim ents. Larval 
enzym e solutions were prepared as de
scribed previously ( 9 )  at concentrations 
in  accord  with prelim inary determ ined, 
linear phosphatase activity. The enzym e 
solutions were prepared in  cold  distilled 
water and filtered through cotton  w ool. 
Enzym e solutions were freshly prepared 
before each experim ent.

Phosphatase activity was assayed on 
p-nitrophenyl phosphate (1 0 , 1 1 ) in  a 2-ml 
reaction m ixture. R eaction  m ixtures were 
buffered with 0.025 m  Tris-m aleate buffer. 
A  period o f  5 m inutes’ equilibration pre
ceded the 20-m inute reaction at 37°. R e
actions were term inated by addition o f 
1 m l o f 0.2 n  NaOH. Optical density was 
determ ined with a Bausch and Lom b Spec- 
tronic 20 spectrophotom eter at 420 mu. 
One unit o f phosphatase activity is defined 
as activity liberating one m icrom ole o f 
p-nitrophenol per m inute, under defined 
conditions, at 37°.

The hydrolysis o f  several starch fra c
tions by Tribolium  amylase was assayed 
in 0 .0025 m  acetate buffer, pH 5.2, plus

R e c e iv e d  f o r  p u b l ic a t io n  J u ly  11 , 1966 .
1 P o ta to  s ta r c h  is  k n o w n  to  c o n t a in  a n  a p p re c ia b le  

a m o u n t  o f  p h o s p h o ru s  e s te r if ie d  o n  th e  6 -p o s it io n  o f  
th e  g lu c o s e  re s id u e s  ( 4 ,5 )  a n d  c o n c e n t r a te d  in  th e  
¿ -d e x t r in  o f  th e  a m y lo p e c t in  f r a c t io n  ( 6 ,7 ) .

J. N u t r it io n , 9 0 :  ’ 66 2 3 5
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0.0025 m  CaCh. The action patterns (the 
distribution o f products o f am ylolysis as 
evidenced by chrom atographic m ean s) 
were com pared  with those obtained with 
purified hum an salivary a -am ylase1 2 in 
0 .0025 m  phosphate buffer pH 7.4 plus 
0 .0025 m  NaCl. A scending thin-layer 
chrom atography (TLC) o f  the degradation 
products was perform ed in  a solvent sys
tem  o f  ethyl acetate: iso-propanol :n-buta- 
n o l:w a ter  (8 0 :4 0 :2 0 :2 0 )  ( 1 2 ) ,  on  2 0 -by 
20 -cm  glass sheets plated with Keiselgur 
G,3 and color was developed with acidified 
anisaldéhyde in  ethanol (1 3 ) .

Grow th experim ents w ith  Tribolium  
larvae. The com position  o f the diets used 
is show n in  table 1. A m ounts o f  0 .25 g 
diet were assayed in 5 replicates consist
in g  o f  10 new ly hatched larvae per repli

cate. A fter 14 days at 32° the larvae 
were rem oved from  their diets, and each 
group was w eighed and returned to its 
container for  further observations.

T A B L E  1

Composition of basic experimental diets for 
Tribolium larvae

Carbohydrate
%
80

Gluten 1 7
Cellulose 2 6
Brewer’s yeast1 5
Salt mixture no. 2, USP 1 1
Cholesterol 3 1

1 N u tr it io n a l  B io c h e m ic a ls  C o rp o ra t io n , C le v e la n d .
2  A lp h a ce l ,  N u tr it io n a l  B io c h e m ic a ls  C o rp o ra t io n .
3 R e id e l-D e  H a ë n , A G ., H a n o v e r , W e s t  G e rm a n y .

2  K in d ly  s u p p lie d  b y  M iss  R . S h a in k in  o f  th e  
D e p a r tm e n t  o f  B io c h e m is tr y , F a cu lty  o f  A g r ic u ltu re , 
R e h o v o t .

3 E . M e r ck  A G ., D a rm s ta d t , W e s t  G e rm a n y .

T A B L E  2

Effect of modified potato starch fractions on larval development of Tribolium

F r a c t io n  a ssa y ed
A v g  

w t  o f  
la r v a e

L a rv a l  
su rv iv a l 

( 1 4  d a y s )

U lt im a te
s u rv iv a l

a n d
p u p a t io n

Potato starch (raw) 1
mg
0

%
0

%

Potato starch (boiled) 2 0.44 72 56

Potato starch /5-amylase-limit dextrin 3 0 0 0

Phosphatase-treated /3-amylase-limit dextrin 
of potato starch, 14 0.2 16 10

Phosphatase-treated /3-amylase-limit dextrin 
of potato starch, II 5 0.1 28 26

Phosphatase-supplemented /3-amylase-limit 
dextrin of potato starch 6 0 0 0

Potato starch extensively digested with 
salivary a-amylase 7 1.87 96 96

Rice starch control 8 1.84 98 98
1 A l l ie d  C h e m ic a l  a n d  D y e  C o rp o ra t io n , N e w  Y ork .
2  P re p a re d  b y  b o i l in g  p o ta to  s ta r ch  in  w a te r  a n d  d r y in g  u n d e r  r e d u c e d  p re ssu re  in  r o ta r y  e v a p o ra to r .
3  P re p a re d  a c c o r d in g  to  A p p le b a u m  a n d  K o n i jn  ( 1 ) .
4  P re p a re d  f r o m  a b o i le d  2% s o lu t io n  o f  /3 -a m y la se -lim it  d e x tr in  in  0.05 m  t r is -m a le a te  b u f fe r  

p H  8.0. C a lf  in te s t in a l  a lk a l in e  p h o s p h a ta s e  (M a n n  R e s e a rc h  L a b o ra to r ie s , I n c .,  N e w  Y o r k )  w a s  
a d d e d  a t a c o n c e n t r a t io n  o f  50 / ¿ g /m l  a n d  in c u b a t e d  a t 35° f o r  22 h o u rs  u n d e r  to lu e n e . T h e  s o lu t io n  
w a s  d ia ly z e d  o v e r n ig h t  a g a in s t  r u n n in g  ta p  w a te r  a n d  su b s e q u e n t ly  a g a in s t  d is t il le d  w a te r . T h e  
p r e c ip ita te  w h ic h  fo r m e d  w a s  c e n t r ifu g e d  a n d  d r ie d  o v e r  P 2O5 .

5 T h e  d ia ly z e d  s u p e rn a ta n t  r e m a in in g  f r o m  n o . 4  w a s  d r ie d  u n d e r  r e d u c e d  p re ssu re  in  a  r o ta ry  
e v a p o r a to r  a n d  o v e r n ig h t  a g a in s t  P 2 O 5 .

6 C a lf  in te s tin e  a lk a lin e  p h o s p h a ta s e  (M a n n  R e s e a rc h  L a b o ra to r ie s , I n c . )  w a s  a d d e d  in  th e  
a m o u n t  o f  4  m g /r e p l ic a t e .

7 P re p a re d  f r o m  a b o i le d  4 %  s o lu t io n  o f  p o ta to  s ta r ch  in  0 .0 2  n  p h o s p h a te  b u f fe r  p H  7 .0  +  0 .01  n  
N a C l. H ig h ly  p u r i f ie d  h u m a n  s a liv a ry  a -a m y la se  ( 2 1 )  w a s  a d d e d  at a  c o n c e n t r a t io n  o f  10  /¿ g /m l  
a n d  in c u b a te d  at 32° f o r  9 h o u rs  u n d e r  to lu e n e . T h e  s o lu t io n  w a s  th e n  filte re d  th r o u g h  W h a tm a n  
n o . 1 f ilte r  p a p e r  a n d  b o i le d  f o r  2  m in u te s  to  in a c t iv a te  th e  a m y la se . T h e  s o lu t io n  w a s  tre a te d  3 
t im e s  w ith  a c t iv a te d  c h a r c o a l  p o w d e r , a n d  th e  p o o le d  c h a r c o a l  a d so rb a te s  w e re  e lu te d  tw ic e  w ith  
w ith  5 0 %  e th a n o l.  T h e  e lu a te s  w e re  p o o le d  a n d  d r ie d  u n d e r  r e d u c e d  p re ssu re  in  a r o ta r y  
e v a p o ra to r .

8 T h e  B r it ish  D ru g  H o u se s , E s s e x , E n g la n d .
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RESULTS AND DISCUSSION
Boiled potato starch slightly supported 

developm ent (table 2 ) .  The m ethod o f 
drying the preparation is reflected in  a 
poorer developm ental response than that 
previously obtained from  a lyophilized 
preparation ( 1 ) .

Alkaline-phosphatase is know n to partly 
dephosphorylate phosphodextrins (1 4 )  to 
the extent o f 75%  ; the residual 25%  re
m ains resistant to further phosphorolysis, 
presum ably due to steric h indrance (1 5 ) .  
Potato starch [3-dextrin w hich  was treated 
with alkaline-phosphatase in vitro per
m itted the larvae to grow  slow ly and pu
pate. This observation indicates that the 
nutritional value o f  the indigestible phos- 
phodextrin  is im proved by partial déphos
phorylation.

The product o f  predigestion o f  potato 
starch 3-dextrin w ith hum an salivary a- 
am ylase adequately supports larval devel
opm ent o f  Tribolium.“ This observation 
indicates that the esterified phosphate per 
se is not responsible fo r  the inability o f 
Tribolium to utilize the 3-dextrin, but that 
its presence in  the inner chains o f the 
intact phosphodextrin  im parts resistance 
to am ylolysis in this case.

Hydrolysis of starch subtractions. The 
hydrolysis o f  starch subfractions by Tri
bolium amylase and by salivary a-amylase 
during a 5-hour incubation  period is pre
sented in figures 1 -3 . Their action pat
terns differ in m any respects. M altose 
and m altotriose (G 2, G3) accum ulate in  
all 3 cases o f  digestion by salivary a-am
ylase, with only traces o f  glucose (G i)  
appearing. H igher dextrins do not accu 
m ulate at this stage. The presence o f 
esterified phosphate in  the (3-dextrin o f  
potato starch apparently does not interfere 
in the first stage o f  hydrolysis by hum an 
salivary a-amylase (com pare  figs, la  and 
2 a ) , although during prolonged action for 
several days, hydrolysis enters a second 
stage in  w hich  the effect o f phosphate has 
been reported (1 5 ) .  A marked difference 
is noted in  the products o f  hydrolysis o f 
potato starch 3-dextrin and o f com m ercial 
am ylopectin 3-dextrin by Tribolium am yl
ase: In the form er, w hich  is not utilized 
by larvae fo r  developm ent, little G4- G 6 
accum ulates (fig . 2 b ) , whereas in  the lat
ter, with w hich  larval developm ent is op-

Fig. 1 Diagrammatic presentation of the 
comparative action patterns of human salivary 
a-amylase (a ) and Tribolium amylase (b ) on 
/3-dextrin of commercial amylopectin. The degree 
of crosshatching represents color intensity.

tim al ( 1 ) ,  a definite accum ulation  o f  G4-  
Ge is observed (fig. lb ) . The accum ulation  
o f  these higher dextrins presum ably indi
cates a greater degree o f  inner-chain  
hydrolysis. The action pattern o f  Tribo
lium amylase on dephosphorylated 3-dex
trin o f  potato starch differs from  its action 
pattern on  untreated 3-dextrin in the ac
cum ulation  o f  G3 and o f  higher dextrins, 
and in  the absence o f Gi (fig . 3 b ).

A highly purified a-amylase inhibitor 
from  wheat (1 6 )  com pletely inhibits Tri
bolium am ylatic activity. The unusual ac
tion patterns encountered cannot, there
fore, be attributed to the coincident action 
o f auxiliary hydrolytic enzym es. Tribo
lium amylase is interm ediate in its action 
betw een salivary a-amylase, and seed a- 
am ylases, w hich  initially produce G6- G 8
(1 7 ) .  4

4 T h is  p r o d u c t  w a s  su b m itte d  to  T L C  a n d  s h o w n  to  
b e  r e p re s e n ta t iv e  ( i n  r e s p e c t  to  o l ig o s a c c h a r id e  c o n 
t e n t )  o f  a  d ig e s t io n  p r o d u c t  o f  p o ta to  s ta r c h  /3 -d extrin  
b y  s a liv a ry  a -a m y la se
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Fig. 2 Diagrammatic presentation of the com
parative action patterns of human salivary a- 
amylase (a ) and Tribolium amylase (b ) on 
/3-dextrin of potato starch. The degree of cross- 
hatching represents color intensity.

Larval midgut phosphatase activity. 
The pH dependence o f Tribolium phos
phatase is illustrated in  figure 4. The pH 
optim um  o f  7.0 rules out the possibility 
o f attributing this activity to w heat germ 
acid phosphatase, w hose pH optim um  is
5.8 ( 1 8 ) ,  from  residues o f  the w hole 
w heat diet w ith w hich  the larvae were 
reared. The level o f phosphatase activity, 
under optim al conditions, in  late-instar 
larval m idguts, is illustrated in  figure 5. 
It is interesting to com pare these results 
with the reported presence o f both acid 
and alkaline phosphatase activity in  T. 
confusum Duval, larvae (1 9 , 2 0 ). The 
assays on T. confusum  were m ade on total 
hom ogenates o f w hole larvae, in  contrast 
w ith the present determ inations on T. 
castaneum, w hich  were m ade on m idgut 
hom ogenates.

It is difficult to assess the in vivo fu n c 
tion and actual activity o f  the larval m id
gut phosphatase from  the growth experi
m ents conducted. The esterified phos

phate in  the ¡3-dextrin o f  potato starch was 
not effectively hydrolyzed in  vivo, since 
pre-treatment in  vitro o f  the (3-dextrin with 
calf-intestinal alkaline phosphatase im 
proved its subsequent digestibility (tab le

Fig. 3 Diagrammatic presentation of the com
parative action patterns of human salivary a- 
amylase and Tribolium amylase (b ) on phospha
tase-treated /3-dextrin of potato starch. The de
gree of crosshatching represents color intensity.

Fig. 4 The pH dependence of Tribolium phos
phatase activity.
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Fig. 5 Effect of enzyme concentration on 
phosphatase activity of Tribolium larvae.

2 ) .  This m ight be explained by assum ing 
that we are dealing with an intracellular 
enzym e w hich  is not excreted into the lu 
m en o f  the larval m idgut and is not a 
digestive enzym e in  the strict sense. A n 
alternative explanation, how ever, m ight 
be that the inorgan ic phosphate present 
in  the salt m ixture com ponent o f  the basic 
diet (table 1 ) inhibits the m idgut phos
phatase. This m ight explain  the absence 
o f  any growth im provem ent in  the alka- 
line-phosphatase-supplem ented diet (table 
2 ) .  The m ain  point to be stressed is that 
even w hen the potato starch (3-dextrin is 
partially dephosphorylated, it is not uti
lized by Tribolium  larvae as w ell as 3-dex- 
trin from  other sources, and this is pre
sum ably because o f  the specific m ode o f 
action o f the larval am ylase, w hich differs 
m arkedly from  am ylases o f  higher ani
mals.
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Glucose Milliequivalents Eaten by the Neonatal Pig
and Cessation of Intestinal Absorption of
Large Molecules (Closure) 1,2

ABSTRACT Neonates of some species, e.g., piglets, are able to absorb large mole
cules through their intestines for approximately the first 36 hours of their life. The 
time when the piglet ceased absorbing large molecules (closure) was a function of 
feeding regimen. The purpose of the present experiments was to define further the 
means whereby feeding accelerated closure. It was learned that the absorbing capacity 
of the neonatal pig was diminished by feeding it water solutions of one chemical 
molecular species — for example, glucose. Piglets that ate more than 300 mEq of 
glucose within an 18- to 24-hour period were unable to absorb the 40-ml test dose of 
chicken egg protein given per os. Piglets fed solutions of galactose, xylose, sucrose, and 
lactose reacted similarly. Salt solutions, glycine and lecithin were not effective. The 
closure response to glucose was independent of the total volume fed and the concen
tration of glucose. It was not possible to effect closure in piglets in less than 12 hours, 
but from then on closure was independent of time and dependent on the number of 
molecules of glucose consumed. Reversal of closure was not detected.

Previously (1 ), closure (the period after 
w hich  the neonate can  no longer absorb 
large m olecules through the gu t) was 
show n to be a fu n ction  o f  the diet; nam ely, 
the volum e o f  sow ’s or cow ’s colostrum  
consum ed by the piglet. Further w ork (2) 
with purified dietary factors dem onstrated 
the association o f  closure activity with 
protein-, fat-free cow ’s colostrum , dialy- 
sates o f  cow ’s colostrum  and dialysates o f 
non-fat m ilk solids. Salt solutions sim ilar 
in com position  to the salts in cow ’s m ilk 
plus either 3%  g lucose or 2%  lactose did 
not yield closure under our test conditions.

F ollow ing this, experim ents were de
signed to delineate further these observa
tions using dietary regim ens that had as a 
basal diet a m ilk salt solution with 3%  
glucose. T o  this presum ed negative basal 
diet other com ponents were added and fed  
to the piglet fo r  the first 18 hours o f  his 
life . T o  determ ine whether the diet pro
m oted closure at 24 hours o f  age, the p ig
let w as given per os a test dose o f a water 
solution o f  polyv inylpyrrolidon e3 (P V P ) 
as an absorption m arker. Six hours later 
the piglet’s b lood  was analyzed fo r  PVP. 
E quivocal results w ere obtained in  a num 
ber o f  experm ients that tested the addition

o f  various fats, fatty acids, and phospho
lipids.

The equivocal results m ay, in part, have 
stem m ed from  the system used for  detect
ing absorption and from  the possible pres
ence o f  som e closure activity in our basal 
salt-glucose diet. Subsequently it was 
show n that water solutions o f high m olec
ular w eight materials m ay not be optim al 
absorption markers since they lack  natural 
com ponents that accelerate and prom ote 
rapid absorption by the neonatal gut ( 3 ) .  
To circum vent these possible difficulties, 
in  the experim ents reported herein hom og
enized whole egg was given as the absorp
tion m arker and a serological precipitin 
test w as used fo r  the detection o f  egg 
protein in the piglet’s blood. In addition, 
rather than adding material to be tested 
for closure activity to the salt-glucose 
basal diet, water solutions o f  single chem i- * 1 2 3
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cal m olecular species were fed. Since glu
cose was suspect, this was the first dietary 
com ponent tested for  activity.

MATERIAL AND METHODS
Experimental anivials. Piglets farrow ed 

in an isolation unit were caught at birth 
in sterile towels, transferred to another 
isolation unit and caged individually. The 
basic procedure was to feed  the piglet 
from  a pan up to 600 m l o f a random ly 
assigned diet within a 24-hour period. The 
first feeding occurred within 4 hours after 
the last pig was born. Thereafter, piglets 
were fed  at 6 -h o u r  intervals. Thus, the 
second feed ing cam e 6 hours after the 
first; the third feeding, 12 hours after the 
first; and the fourth and final feeding, 
18 hours after the first.

A total o f  75 pigs from  11 litters was 
used.

Closure testing system. Six hours after 
the last feeding, piglets were given 40 ml 
o f hom ogenized ch icken  eggs by stom ach 
tube to test for their absorbing capacity. 
Six to 8 hours later they were bled and 
their serum analyzed by m icroim m uno- 
electrophoresis (4 , 5 )  for the presence o f 
egg white proteins. Positive control pigs 
absorbed about 10%  o f the protein and 
negative pigs (c lo se d ) less than 0 .2 % .

Diets. All the diets except the salt diet 
were water solutions o f one m olecular spe
cies. In addition to glucose, piglets were 
fed 600 m l o f  either 666 mM galactose, 
666 m M  xylose, 666 m M  glycine, 333 m M  

lactose or 333 m M  o f sucrose within a 
24-hour period. It was difficult to com 
pound a salt diet that had sufficient milli- 
equivalents per liter o f salt ions for testing 
and yet was not toxic fo r  the piglets. Thus, 
it was necessary to add small am ounts o f 
glucose to increase the total m illiequiva- 
lents per liter to a desirable level. The 
first salt diet tested contained 113 mEq / 
liter o f Na + , 149 o f K+, 145 o f C l“ , 183 
o f  P 0 43- and 166 o f glucose. This was 
superseded by another that was found to 
be m ore palatable to the piglets. This diet 
contained: 69 m E q /liter  o f N a +, 94 o f K +, 
90 o f C l- , 117 o f  P 0 43- and 266 o f glucose.

To plot the data on a com parable basis, 
each m olecular or ion ic species tested was 
expressed as m illiequivalents eaten by the 
piglet. The potential closure capacity o f

1 mEq o f salt ion  was assum ed to be equiv
alent to 1 m Eq o f  glucose, and 1 m M  o f 
lactose or sucrose was equivalent to 2 
mEq o f glucose.

Three different types o f feed ing regi
m ens were conducted to determ ine the 
closure capacity o f  glucose. In the first 
type, the m illiequivalent o f glucose the 
piglet ate in a 24-hour period was varied 
by varying the concentration o f  glucose in 
a 600-m l volum e. For exam ple, som e p ig
lets were fed  a total o f 450 mEq in 600 ml, 
others 400 mEq in 600 m l, etc. In the 
second type, the m illiequivalents were 
varied by keeping the concentration o f 
glucose in the diet constant and varying 
the volum e the piglet ate over a 24-hour 
period. For exam ple, som e piglets were 
fed  13.5%  glucose in 300 ml (2 2 5  m E q ); 
others 13.5%  glucose in 600 m l (450  
m E q ); som e pigs ate 300 ml o f 10%  glu
cose (1 7 5  m E q ); and others 600 m l o f 
10%  glucose (3 5 0  m E q ), etc. In the last 
type, piglets were allowed to eat paired 
m illiequivalents o f  glucose within varying 
time periods. For exam ple, som e piglets 
were given 350 mEq o f glucose within 
12 hours, whereas others were given the 
350 mEq over either an 18- or 24-hour 
period.

RESULTS
Milliequivalents glucose eaten. Figure 1 

shows a com pilation o f  data from  experi-

CLOSED = x » ' X  x

OPEN =o

oca$£> °8P 
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Fig. 1 Effect of milliequivalent of glucose 
eaten on closure (inability to absorb egg protein 
6 hours after the last feeding). Piglets fed either 
600 ml of varying concentrations of glucose or 
varying volumes of glucose within an 18- to 24- 
hour period. Each X or O =  1 piglet.
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+  OVALBUMIN OVOGLOBULIN CONALBUMIN
Fig. 2 Agar microimmunoelectrophoresis of 0.004 ml of serum from 2 piglets given per os 40 ml 

whole egg at 24 hours. A, Top hole, 0.004 ml of serum from piglet eating for 24 hours a total of 80 
mEq glucose in 600 ml. B, Bottom hole, 0.004 ml serum from piglet eating for 24 hours a total of 
400 mEq glucose in 600 ml. Center slit, 0.04 ml of rabbit anti-egg white serum. Piglets were bled 6 
hours after receiving egg. +  indicates direction of electrophoretic migration in veronal buffer, pH 
8.6; 0.05 ionic strength.

m ents in w hich the total m illiequivalents 
o f  glucose the piglet ate in an 18- to 24- 
hour period were varied either by chang
ing the concentration o f glucose or the 
volum e o f  the diet. The data indicate that 
the absorbing capacity o f  the piglet was 
dim inished after it had eaten around 300 
mEq o f glucose. Those piglets eating more 
than 300 mEq did not absorb the test 
solution o f  egg protein according to the 
standards o f our test (absorbed less than 
0 .2%  o f the egg protein given per o s ).

The kinds o f  results obtained with the 
m icroim m unoelectrophoretic testing sys
tem are shown in figure 2. In figure 2A, 
serum is analyzed from  a piglet that ate a 
total o f 80 mEq o f glucose in 600 ml w ith
in 24 hours. At 24 hours it was given 40 
m l o f w hole hom ogenized egg and was 
bled 6 hours later. Note the presence o f 
egg protein in its blood. A littermate eat
ing 400 mEq o f glucose in 600 m l within 
24 hours and tested sim ilarly had no de
tectable egg protein in its blood and the 
piglet was classified as closed (fig. 2B ).

V olum e and/or concentration (m illi
equivalents /liter) o f  g lucose. The data in 
figure 3A were com piled to illustrate that 
it is the total m illiequivalents o f  glucose 
the piglet eats that is im portant for clos
ure rather than the concentration per se 
o f  the glucose in  the diet or the volum e 
consum ed. Here, piglets were fed varying 
m illiequivalents o f  glucose by keeping the 
concentration o f  glucose constant and

varying the volum e o f the diet given to 
the piglet. For exam ple, som e piglets 
were fed  either 300 or 600 m l o f 10%  
glucose; others 300 or 600 ml o f  13.5%  
glucose, etc. Figure 3A shows that closure 
is independent o f  the concentration  and 
volum e o f  glucose since closure begins 
when piglets eat approxim ately 300 mEq 
regardless o f whether the glucose is con 
tained in 300 to 450 ml (h igh  glucose 
con centration ) or in 500 to 600 m l (low  
glucose concentration ).

Tim e. The data in figure 3B cam e from  
piglets that were fed  the same m illiequiv-
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Fig. 3 Effect of volume (concentration of 
glucose) and length of feeding time on closure 
(inability to absorb egg protein 6 hours after last 
feeding). A, Piglets were fed varying volumes of 
glucose within 18 to 24 hours. B, Piglets were 
fed paired amounts of glucose within varying 
time periods. Each X or O =  1 piglet.
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alents o f  glucose w ithin varying periods 
o f  time. Figure 3B illustrates that it is not 
possible to close piglets w ithin 12 hours 
since som e piglets ate what was con sid 
ered a closing am ount o f  glucose (3 5 0  
m E q ) within 12 hours and they were not 
closed. Note that piglets fed  approxi
mately the same m illiequivalents but w ith
in  an 18- or 24-hour period were closed.

Specificity o f closure m olecule. From  
the results in  figure 4, it is doubted that 
closure activity is specific with glucose 
since galactose, lactose, xylose and sucrose 
appear to have activity. I f  activity is pres
ent in  the electrolyte-glucose solution and 
glycine, it appears to be o f low er order. 
Glycine is difficult to test since piglets re
luctantly ate no m ore than 300 m Eq w ith
in  24 hours. Pure salt solutions also are 
difficult to test since piglets eating m uch 
m ore than 300 m Eq salt have sym ptom s 
o f  salt toxicity (hypersensitive to touch, 
and death ). Therefore, in  the salt diet, to 
bring the total equivalents up to presum ed 
closure quantities (3 0 0  m Eq or m o re ), 
this necessitated the addition o f  less than 
closure equivalents o f  glucose to the salt 
solution.

One per cent lecithin  4 also was tested 
in 3 piglets (g lucose  equivalents un 
k n ow n ) and did not yield closure.

5 0 0

--------------- 1---------------- 1---------------- 1---------------- 1---------------- 1---------------- 1----------------

S ’

4 0 0 COD x x x  XX O x x O  x x

z CO
U J

e c o  *  °

w  3 0 0 O  °
c r

U J C L O S E D  -  *  c o

2 0 0
O P E N  = o

o
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A  B  C  D  E  F

A  = S A L T  +  G L U C O S E  D = L A C T O S E  

B  = G A L A C T O S E  E  = S U C R O S E

C  = X Y L O S E  F  = G L Y C IN E

Fig. 4 Effect of molecules other than glucose 
on closure (inability to absorb egg protein 6 
hours after the last feeding). 1 mEq salt ion =  
1 mEq glucose; 1 m M  galactose, xylose or glycine 
=  1 mEq glucose; 1 mM sucrose or lactose 
=  2 mEq glucose. Each X or O =  1 piglet.

A ttem pt to d etect a reversal o f  closure. 
Six piglets from  2 different litters were fed  
400 m Eq o f  glucose w ithin 18 hours and 
tested with 40 m l o f egg. Six hours later 
they were retested with an identical dose 
o f egg. These piglets were closed on both 
occasions. In another experim ent, 9 p ig
lets were fed  400 m Eq o f  glucose within 
24 hours; and instead o f  testing as usual 
at 24 hours (6  hours after the last feed 
in g ) , the testing time was delayed so that 
3 pigs were tested at 10, 3 pigs at 14, and 
3 pigs at 20 hours after the last feeding. 
All these pigs rem ained closed; and thus, 
w ithin our experim ental design, no rever
sal was detected.

DISCUSSION
These results reaffirm and am plify  re

sults o f previous studies; nam ely, it is pos
sible by feed ing neonatal piglets to show  
a decrease in  absorption capacity  toward 
large m olecules (c lo su re ) in  com parison  
with starved piglets (1 ,2 ,6 ) . In this report 
it was show n further that the capacity to 
absorb large m olecules can be dim inished 
sim ply by feed ing  piglets increasing con 
centrations o f a single m olecular species. 
In our test, piglets eating about 300 m Eq 
o f  glucose w ithin an 18- to 24-hour period 
were closed. It is unlikely that this action 
is strictly specific fo r  glucose since lactose, 
xylose, galactose and sucrose also appear 
to be able to act in  a sim ilar m anner. And, 
furtherm ore, i f  we are studying the same 
closure phenom enon as it occurs in  na
ture, glucose per se cannot be im portant 
since it is a m inor part o f  the natural diet 
o f the new born  pig. How ever, a com pari
son o f  the results o f sugars with salt solu
tions, glycine and lecithin indicates that 
som e m olecules m ay be m ore efficient 
than others.

Pinocytosis (absorption  by fo ld in g  in- 
teriorizing o f  the surface m em brane) pre
sum ably is the m echanism  w hereby the 
im m ature intestinal epithelium  o f  n ew 
born piglets absorbs large m olecules ( 7 ) .  
In previous work, this absorption process 
was show n to be qualitatively non-specific 
since antigenically different egg proteins, 
bovine proteins, and isoenzym es o f  lactic

4 9 0 %  p u re  a n im a l  le c ith in .  N u tr it io n a l  B io c h e m 
ic a ls  C o r p o r a t io n , C le v e la n d .
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dehydrogenase and different kinds o f  large 
m olecules such as polyvinylpolym ers 
(P V P ) were absorbed by the neonate 
(8 ,9 ) .  The data in the present report also 
indicate another kind o f non-specificity 
associated with the im m ature piglet’s epi
thelium . Here, the capacity o f  a diet to 
dim inish absorption appears to be m ore 
dependent on the num bers o f  m olecules 
rather than the kinds o f  m olecules.

I f  pinocytosis proceeds by the interiori- 
zation o f  the surface m em brane, it seems 
probable that the capacity to absorb w ould 
be lim ited by the lum inal surface o f  the 
epithelial cell. Thus, it m ight be proposed 
that closure (inh ibited  p in ocytosis) occurs 
w hen critical surface area is expended. It 
appears possible that m any different kinds 
o f  large and sm all m olecules could  stim u
late the surface m em brane into a dance o f 
indentation leading to exhaustion o f sur
fa ce  (o r  closu re) som e 300 m Eq later. If 
large m olecules are present during this 
dance, they could  be adsorbed and then 
absorbed; i f  not, the m em brane becom es 
used anyway. Thus, absorption o f large 
m olecules and closure can  be independent 
phenom ena as they were shown to be pre
viously ( 2 ) .  Furtherm ore, the time re
quired fo r  closure (th e  speed o f  discharge 
or use o f  the surface m em brane) appears 
to be directly related to the num ber o f 
m olecules con fronting the cell.

To sum m arize, then, perhaps absorp
tion by neonatal gut o f  large m olecules 
can  be dim inished by non-specific stim u
lation o f  pinocytosis leading to a loss o f 
or unavailability o f  surface m em brane for  
invagination. Such exhaustion in  the p ig

let can  cocu r w ithin 18 hours after feed 
ing sufficient num bers o f a stimulant.
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Accentuation of Essential Fatty Acid Deficiency 
by Dietary Tri-o-cresyl Phosphate

C. R. SEWARD, G. VAUGHAN, G. M. SHUE a n d  E. L. HOVE
Division of Nutrition, Bureau of Science, Food and Drug Administration,
U. S. Department of Health, Education, and Welfare, Washington, D. C.

ABSTRACT Dietary addition of tri-o-cresyl phosphate (TCP) to an EFA-free 18% 
casein diet accentuated the deficiency and decreased the time of onset of dermal 
lesions in rats. Dietary intake of TCP caused increases in dermal scores and eico- 
satrienoic acid (E ) and decreases in arachidonic acid (A ) in liver lipids of both the 
deficient and the control groups. In carcass lipid, however, dietary additions of TCP 
caused decreases in both eicosatrienoic and arachidonic acids of the deficient groups. 
TCP depressed growth of the deficient and control rats; however, the depression was 
greatest in the deficient animals Dietary TCP accentuated the decrease in oxidative 
phosphorylation noted in an uncomplicated EFA deficiency. Liver cholesterol increased 
in EFA-deficient rats, and this was accentuated by dietary TCP. Values for total 
lipids of liver, heart and carcass are also reported.

Burr and Burr ( 1 )  discovered that cer
tain fatty acids are essential in the diet. 
The b iochem ica l role o f  these essential 
fatty acids (E F A ), how ever, has attracted 
intensive research interest only during the 
last few  years. Various m etabolic ap
proaches, w ith the rat as the experim ental 
animal, have been used to elucidate the 
specific role o f  essential fatty acids in  liv
in g  organism s. Several investigators have 
attempted to accelerate the onset o f  signs 
o f  EFA deficiency in  rats.

Because o f  increased m obilization and 
catabolism  o f  essential fatty acids in  rats 
w ith diabetes, Peifer and H olm an ( 2 )  in 
duced diabetes in  rats as a m eans o f  in 
creasing the rate o f EFA depletion. On 
the basis o f derm al scores and growth 
differences they concluded  that diabetes 
had an accelerating effect on  EFA defi
cien cy  in  the rat. Dietary cholesterol has 
been used to accelerate the onset o f  EFA 
deficiency. Brom er and D a y * 1 observed 
that m ale rats fed  diets contain ing 2%  
cholesterol and 3%  hydrogenated peanut 
oil show ed signs o f EFA deficiency after 
7 weeks as com pared w ith  12 weeks w hen 
fed  a diet w hich  did not contain  choles
terol. Peifer and H o lm a n 2 subsequently 
show ed that m ale rats fed  1% cholesterol 
and 1%  hydrogenated coconut oil devel
oped EFA deficiency w ithin  one m onth. 
M ore recently, H olm an and Peifer ( 3 )  re
ported that the inclusion  o f  1%  choles

terol in  an EFA-free diet accelerates the 
appearance o f  derm al signs o f  EFA defi
ciency. The acceleration was also indi
cated by an increase in  ratios o f  trienoic 
to tetraenoic acid in  liver fatty acids.

Hove ( 4 )  reported that several com 
pounds including tri-o-cresyl phosphate 
(T C P ) caused a decrease in  the liver con 
tent o f  vitam in E and vitam in A in  the 
rat. Liver, brain and carcass lipids from  
rats fed  TCP in  the absence o f  vitam in E 
show ed increases in  the concentration  o f 
con jugated  dienes and decreases in  ap
parent arachidonic acid levels. He ad
vanced the hypothesis that the m echanism  
o f  action o f  TCP is related to its general
ized oxidative action in  unsaturated lipid 
systems.

W e decided to test the capacity o f  TCP 
to accelerate EFA deficiency in  the rat. 
These accelerating effects o f  TCP on EFA 
deficiency were studied in  term s o f  several 
o f  the m ore com m on  indexes o f  EFA de
ficiency ; derm al lesions, ratios o f  eicosa
trienoic to arachidonic (te tra en oic) acid, 
liver cholesterol, and oxidative phosphor
ylation ratios in  liver m itochondria. The
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T A B L E  1

Effect of tri-o-cresyl phosphate (TCP) on dermal scores and weight gains of essential 
fatty acid-deficient and control rats

D ie ta ry  a d d it io n D e rm a l sco re s D a ily
C o rn

o il T C P 4  W e e k s 8 W e e k s w t  g a in

% % 9
0 0 0 .8  ± 0 . 0 9  1 1 . 8 ± 0 . 1 6 4 .9  ± 0 . 1 7
0 0 .0 5 1 .5  ±  0 .1 5 2 . 3 ±  0 .1 2 2 .8  ± 0 . 0 6
0 0 .1 0 2 .2  ±  0 .1 8 3 .4  ±  0 .1 2 2 .0  ± 0 . 1 0

2 0 0 0 4 .3  ±  0 .1 4
2 0 .0 5 0 0 4 .1  ±  0 .1 0
2 0 .1 0 0 0 2 . 2 ±  0 .1 3

1 M e a n  +  se; 
10 r a t s /g r o u p .

v is u a l  g r a d in g  o f 0 - 4 ;  4  re p re se n ts c o m p le te  s c a l in g  o f  p a w s a n d  n e c r o s is  o f  t a i l ;

effect o f TCP on heart, liver and carcass 
fat will also be described.

EXPERIMENTAL
M ale w eanling rats o f the H oltzm an 

strain, 21 days old and w eighing 45 to 
50 g, were used in  these studies. The ani
m als were housed individually in  raised 
w ire-bottom  cages at a constant room  tem 
perature o f  23 ±  1°. Diets and tap water 
were available ad libitum . W eight data 
and observation o f  the general physical ap
pearance were recorded weekly. The der
m al scores represent the average visual 
grading o f 0 to 4, w here a score o f 4 rep
resents com plete scaling o f  all 4 feet and 
necrosis o f  the entire tail.

The basal diet (E F A -free) contained : 
( in  per cen t) sucrose, 72; casein  (v ita 
m in -free ), 15; m edium -chain  triglycer
ides,3 5; salt m ix  (Jones-F oster),4 4; and 
vitam in m ix  (A  and E -free) 4. The vita
m in  m ix  was prepared in  glucose m on o
hydrate 5 to supply: ( in  u g /g  o f d iet) 
thiam ine, 5; riboflavin, 5; pyridoxine, 5; 
Ca pantothenate, 30; n iacin , 30 ; m enadi
one, 2; fo lic  acid, 1; vitam in Bia, 0 .1 ; 
biotin, 0 .1 ; inositol, 200; and choline, 
2000. T o this diet were added 5 m g  o f 
retinyl acetate and 200 m g o f  di-a-tocoph- 
eryl acetate /kg .

T en  w eanling rats were used in  each 
o f 6 groups in  w hich  all additions were 
m ade to the basal diet. Group 1 w as fed  
the basal diet; group 2, 0 .05%  TCP; group 
3, 0 .1%  TCP; group 4, 2%  co m  oil at the 
expense o f  2%  M CT (co n tro l) ; group 5, 
control plus 0 .05%  TCP; and group 6, 
control plus 0 .1%  TCP.

Respiration and oxidative phosphoryla
tion experim ents were carried out as de
scribed elsewhere ( 5 ) .  The m ethods used 
in  total fat analysis o f  heart, liver and 
carcass tissues have been reported previ
ously ( 6 ) .  Tissue proteins (N  X 6 .2 5 ) 
were determ ined by the m icro-K jeldahl 
m ethod. Total cholesterol was determ ined 
by the digitonide precipitation m ethod  o f  
Sperry and W ebb ( 7 )  and vitam in  A by 
the m ethod o f Am es et al. ( 8 ) .  T he fatty 
acid profiles were determ ined on  aliquots 
o f  the m ethyl esters. M ethanolysis was 
carried out by using 3%  hhSCh in  absolute 
m ethanol. The fatty acid m ethyl esters 
were chrom atographed in an Aerograph 
600 C gas chrom atograph, equipped with 
a hydrogen flam e detector and a 152.4-cm  
X 0 .31-cm  copper colum n o f  19%  EGS on 
6 0 -8 0  m esh Gas-Chrom P.6 Identificatic"’  
was established by com parison  with stai 
ards 7 or carbon num ber ( 9 ) ,  or both.

RESULTS
D erm al lesions and w eight gain. Skin 

lesions typical o f  essential fatty acid defi
ciency  (1 , 1 0 ) began to appear as early 
as 4 weeks, and were m uch  m ore severe 
am ong the rats receiving the EFA-defi- 
cient diet contain ing TCP (table 1). A m ong

3 M e d iu m -c h a in  try  g ly c e r id e s  ( M C T )  c o n s is t  o f  r e 
s y n th e s iz e d  t r ig ly c e r id e s  f r o m  fa t ty  a c id s  o f  8 - 1 4  
c a r b o n  c h a in  le n g th , h y d r o ly z e d  f r o m  c o c o n u t  o i l  a n d  
p u r ifie d . O b ta in e d  f r o m  th e  M e a d  J o h n so n  R e s e a rc h  
C e n te r , E v a n s v i lle ,  In d ia n a .

4 J o n e s , J. H ., a n d  C. F o s te r  1 9 4 2  A  sa lt  m ix tu re  
f o r  u se  w ith  b a s a l  d ie ts  e ith e r  lo w  o r  h ig h  in  p h o s 
p h o ru s . J. N u tr .,  2 4 :  245 .

5 C e re lo se , C o rn  P r o d u cts  C o m p a n y , A r g o , I l l in o is .
6 P re tested  p a c k in g  a n d  m e th y l  e s te r  s ta n d a rd s , 

q u a lita t iv e  a n d  q u a n t ita t iv e , w e re  o b ta in e d  f r o m  
A p p lie d  S c ie n c e  L a b o r a to r ie s , S tate C o lle g e , P e n n s y l 
v a n ia .

7 See fo o tn o te  6.
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the rats receiving the EFA-deficient diet 
supplem ented with 0 .1%  TCP, the char
acteristic signs o f  EFA deficiency were 
accom panied  by a m oist, colorless exudate 
appearing on sw ollen paws and low er legs. 
The effect o f 0 .05%  TCP was sim ilar to 
that at the higher level but was less se
vere. N one o f  the typical skin lesions o f 
EFA deficiency were observed am ong the 
rats receiving 2%  co m  oil in  their diets, 
with or w ithout the addition o f  TCP.

Essential fatty acid  deficiency resulting 
from  ingesting a diet contain ing M CT as 
the only fat source caused n o  apparent 
differences in  w eight gains com pared with 
controls (tab le  1 ). H ow ever, growth rates 
were depressed due to TCP. This effect 
o f  TCP is m ore pronounced  in  the EFA- 
deficient rats than in the rats fed  corn  
oil, as show n by the w eight gain data in 
table 1.

E icosatrienoic to  arachidonic acid ra
tios. The ratios o f  trienoic: tetraenoic 
acids are excellent indicators o f  the EFA 
deficiency status o f  the rat (1 1 ) .  The 
levels o f  eicosatrienoic (E )  and arachi
don ic (te tra en oic) (A )  acids and the E /A  
ratios o f  heart, liver and carcass are 
show n in  table 2. In all tissues the E /A  
ratios increase with increasing levels o f 
TCP in the EFA-deficient diets as w ell as 
the control.

O xidative phosphorylation ratios o f liver 
m itochondria. A n uncoupling o f  oxida
tion from  phosphorylation was dem on-

Tated in  the m itochondrial fraction  o f 
tne w hole hom ogenate o f  liver from  EFA- 
deficient rats. Data in  table 3 sum m arize 
a typical experim ent with respect to ox i
dative phosphorylation with ¡3-hydroxybu- 
tyrate as substrate. The inorganic phos
phorus (P i)  uptake w as low  in the 
EFA-deficient rat com pared with that o f 
the control (2 %  c o m  o il ) . A ddition o f 
TCP to the EFA-deficient diet further de
pressed Pi uptake with little or n o  change 
in 0 2 consum ption . This resulted in  de
pressed P /O  ratios with increasing levels 
o f  dietary TCP. W hen these same levels 
o f  TCP were added to the control diet, 
the P /O  ratios did not change; how ever, 
Pi as w ell as 0 2 uptake at the 0 .1%  level 
decreased slightly.

Liver w eight, cholesterol, and vitam in  
A. A nim als fed  an EFA-deficient diet
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TABLE 3
Effect of tri-o-cresyl phosphate (TCP) on oxidative phosphorylation in liver mitochondria 

from essential fatty acid-deficient and control rats

D ie ta ry  a d d it io n
A 0 2 A P i P /O  ra t io s

C orn
o il T C P

% % tia to m s / m g  N 2 f im o l e s / m g  N 2

0 0 4 .3 9 .6 2 . 2 ± 0 . 0 8  1
0 0 .0 5 3 .7 7 .4 2 . 0 ± 0 . 2 4
0 0 .1 0 3 .5 6 .3 1 .8  ± 0 . 0 5

2 0 4 .1 1 2 .2 3 . 0 ±  0 .1 0
2 0 .0 5 4 .2 1 2 .6 3 .0  ± 0 . 2 3
2 0 .1 0 3 .1 9 .0 2 .8  ± 0 . 3 0

1 Mean ±  s e ; /3-hydroxybutyrate as substrate; 4 rats from each group; fed diet 8 weeks.
2 N represents liver m itochondria nitrogen determined by micro-Kjeldahl method.

supplem ented with TCP show ed increases 
in  liver weights (expressed as %  o f  body 
w eigh t) with increasing levels o f  TCP 
(tab le  4 ) .  The effect o f  TCP on  liver 
w eights o f  the control rats was sim ilar to 
that on the EFA-deficient animals.

Liver cholesterol levels o f  rats ingesting 
the EFA-deficient diets increased in com 
parison with those o f  rats receiving corn  
oil (table 5 ) . W hen the data are ex
pressed as m illigram s per gram  o f  liver 
(w et w eigh t) the addition o f  TCP has no 
effect in either group. W hen the data are 
expressed in terms o f  100 g o f  body weight 
o f  the anim al, how ever, increasing levels 
o f  TCP caused an increase in  the am ount 
o f  cholesterol in  the livers o f  the rats fed 
the EFA-deficient diet but caused no in 
crease in  the controls.

Liver vitam in A  levels appear to de
crease with increasing levels o f  TCP 
(table 5 ) ;  this apparent decrease probably 
reflects only the changes in  liver size or 
vitam in A intake.

Total heart, liver and carcass fat. In 
table 4 are presented the m ean total fat 
values (w et w eigh t) fo r  heart, liver and 
carcass. Liver fat values in  the EFA- 
deficient anim als are higher than those o f 
controls at each level o f  TCP. TCP had 
little or n o  effect on percentage o f  fat 
in  the heart or carcass, irrespective o f  the 
diet. W hen the fa t values are expressed 
in  terms o f  body w eight, however, the 
fa t content o f  heart and liver gradually 
increases with increasing levels o f  TCP in 
both the EFA-deficient and the control 
groups; carcass fat does not increase. 
There is n o  evidence o f  change in heart

size as a response to TCP with or without 
corn  oil in  the diet.

DISCUSSION
In the present studies derm al scores 

were proportional to time fo r  the first 8 
weeks (table 1 ) ;  these data are in  agree
m ent with those o f  H olm an and Peifer
( 3 ) .  W e further fou n d  that the effect o f  
TCP on group m ean derm al scores paral
leled heart, liver and carcass eicosatrien- 
oic acid  concentrations (w ith  the one 
exception  o f  carcass fatty acid, table 2 ) ,  
as w ell as the ratio o f  eicosatrienoic to 
arachidonic acids in  rats ingesting the 
EFA-deficient diet.

The developm ent o f  EFA deficiency is 
accom panied by a relative increase in  tri- 
enoic acids and a relative decrease in 
tetraenoic acids (1 4 ) .  In our experim ent 
the increase in eicosatrienoic acid in  
heart and liver (w ith  one excep tion ) with 
a concom itant decrease in  arachidonic 
acid in  liver (table 2 )  was one o f  the 
m ore striking effects in  tissues from  rats 
fed  TCP in the basal as w ell as the con 
trol diets; these effects indicated an in 
tensified EFA deficiency. Even though the 
ratios fo r  heart, liver and carcass fatty 
acid  from  rats on  a c o m  oil regim en 
were less than 0.4, the lim it o f  this cri
terion fo r  EFA deficiency ( 1 1 ) ,  the 
changes in  the ratios were related to TCP 
concentrations.

In disagreem ent with a num ber o f  in 
vestigators (1 2 , 15, 1 6 ) w ho have re
ported differences in  w eight gain o f  vari
ous species o f  anim als fed  EFA-free diets 
com pared with controls, we fou n d  n o
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w eight gain differences am ong rats that 
did not receive TCP and that ingested 
M CT as their only fat source. These ob
servations are in agreem ent with those 
o f  Sewell and M iller (1 3 ) ,  w ho report no 
w eight gain differences betw een swine fed  
an EFA-free diet and those fed  the con 
trol diet. It thus appears that growth 
rate is not always a reliable criterion in 
ascertaining EFA deficiency in  the rat.

Several reports o f  lon g  standing and 
som e o f  m ore recent origin have am ply 
dem onstrated that EFA deficiency causes 
an uncoupling o f  oxidation  from  phosphor
ylation (1 7 -2 0  ) .  Our results support this 
view . U ncoupling appears to be specifi
cally  related to the absence o f  essential 
fatty acids rather than to fats in  general. 
This distinction was noted by Smith and 
D eLuca (2 1 ) ,  w ho reported that liver h o
m ogenates from  EFA-deficient rats oxi
dized Krebs’ cycle acids at a m u ch  higher 
rate than did hom ogenates from  controls; 
this cou ld  be the result o f  uncoupled  oxi
dative phosphorylation in  hom ogenates 
from  EFA-deficient rats. The effect o f 
TCP on P /O  ratios o f  liver m itochondria 
from  EFA-deficient rats was inversely pro
portional to its effect on derm al scores, 
eicosatrienoic acid levels and E /A  ratios, 
indicating an accentuation o f  EFA defi
cien cy  by TCP.

From  the data in  tables 4 and 5 choles
terol and total lipids apparently accum u
lated in  the livers o f  the EFA-deficient 
rats. A n increase in  the concentration  o f 
cholesterol esters has been observed pre
viously in  the livers o f  young EFA-defi
cient rats by Klein (2 2 )  and N orby (1 2 )  
and in  the adult EFA-deficient rat by 
Alfin-Slater et al. (2 3 ) .  The reasons for  
this accum ulation o f  cholesterol and total 
lipids are not clear. A ccord ing  to Mukher- 
jee and Alfin-Slater (2 4 )  the hepatic m e
tabolism  o f  cholesterol is decreased in 
EFA-deficient rats, thereby resulting in  the 
observed fat accum ulation. The increase 
o f  hepatic lipids in  the EFA-deficient rat 
w ith increasing levels o f  TCP m ay also 
indicate that the m etabolism  o f  choles
terol and other lipids is in som e w ay re
lated to the overall polyenoic acid pattern 
in  this tissue.

H ands et al. ( 2 5 )  have reported that 
the visual acuity o f  EFA-deficient rats is
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TABLE 5
Effect of tri-o-cresyl phosphate (TCP) on liver cholesterol and vitamin A of essential 

fatty acid-deficient and control rats

Dietary addition
Vitamin ACorn

oil TCP
Total cholesterol

% % mg/g (w et wt) mg/100 g 
body wt irg/g (wet wt)

0 0 3 .3 ± 0 .1 3  1 12.3 374 ± 1 8
0 0.05 3 .0 ± 0 .1 2 13.7 334 ± 1 5
0 0.10 3.1 ± 0 .0 9 16.4 248 ± 1 9

2 0 2.7 ± 0 .0 5 11.1 255 ± 1 3
2 0.05 2.7 ± 0 .1 2 11.9 257 ±  15
2 0.10 2.1 ± 0 .0 5 11.6 1 3 5 ±  19

1 Mean ±  s e ; 5 rats from each group; fed diet 8 weeks.

im paired and that this im pairm ent re
sulted from  an induced  vitam in A defi
ciency. W e noted no vitam in A deficien
cies in  any o f our EFA-deficient rats. Liver 
storage appeared to decrease in the pres
ence o f  TCP in  both EFA-deficient and con 
trol groups, but this change m ay reflect 
on ly the change in  liver size or food  con 
sum ption ow ing to TCP intake; neverthe
less, liver stores o f  vitam in A were high 
enough to rule out a secondary vitam in A 
deficiency.

N um erous reports have show n that TCP 
accentuates the requirem ent for vitam in 
E ; these reports have been review ed by 
H ove (2 6 ) .

Our results show  that dietary TCP can  
be a stress factor accentuating or accel
erating EFA deficiency in the rat, possibly 
through a m echanism  associated with the 
generalized oxidative activities o f TCP in 
unsaturated lipid  systems ( 4 ) .
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Renal Lipid Composition of Choline-deficient Rats * 1
MONA E. FEWSTER, JOSEPH F. NYC a n d  WENDELL H. GRIFFITH
Department of Biological Chemistry, University of California at 
Los Angeles School of Medicine, Los Angeles, California

ABSTRACT Three groups of weanling male rats of the Sprague-Dawley strain 
were used in a study of the changes in lipid composition between normal kidneys 
and severely hemorrhagic kidneys from choline-deficient rats. A semipurified diet, 
with and without choline supplement, and a laboratory ration diet were fed for 11 to 
14 days. The fatty acid composition of the renal lipids from these animals was 
determined by gas-liquid chromatography. The fatty acid patterns of the total lipids 
from severely hemorrhagic kidneys showed a striking decrease in the relative amounts 
of linoleic and arachidonic acids when compared with values obtained with control 
animals. Changes in the fatty acid composition of the renal phospholipids accounted 
for much of the difference observed in the total lipids. The values obtained for 
kidneys with less severe lesions were intermediate between the extremes noted in 
normal and severely affected kidneys. The fatty acid changes in the abnormal kidneys 
appear to be related to the severity of the syndrome.

The acute renal lesion involving hemor
rhagic degeneration which results from a 
deficiency of choline in the diet of wean
ling rats was first described by Griffith 
and Wade (1 ), and subsequent investiga
tions related to this syndrome have been 
fully reviewed (2 -4 ). To date no specific 
unequivocal explanation has been formu
lated to explain the histological altera
tions in the renal structure. The most 
significant manifestations of the deficiency 
include stainable fat droplets in the epi
thelial cells of the proximal convoluted 
tubules of the cortex, tubular ischemia 
and necrosis, and hemorrhage in the cap
sule and at the periphery of the cortex
(5 ). Glomerular degeneration always fol
lows the latter as a secondary event (6). 
The primary stage which precedes tubular 
necrosis consists of lipid droplet formation 
associated with swelling of the affected 
nephrons (7). It is not known whether 
these renal fatty changes are an effect of 
deficiency of choline compounds in the 
affected tubules or a result of changes in 
other substances less directly related to 
“one-carbon” metabolism.

The kidney requires a continuing source 
of either choline or of sources of “one- 
carbon” units for the synthesis of lecithin. 
It has been shown that in the pre-lesion 
condition both the concentration and 
amount of phospholipid per kidney are 
markedly reduced below the corresponding

levels for choline-fed animals, thereby im
plying a direct link between a decrease in 
phospholipid in the kidneys and the onset 
of renal disease (8, 9). The present ex
ploratory survey was undertaken to obtain 
additional information related to changes 
in the lipid composition of hemorrhagic 
kidneys compared with normal kidneys. 
Such observations might lead to a better 
understanding of the formation of fat drop
lets in the renal lesions during choline 
deficiency.

EXPERIMENTAL
Male weanhng rats of the Sprague- 

Dawley strain, between 40 to 60 g in 
weight, were used. During the third week 
of lactation dams and their litters were 
fed a vitamin Biz-deficient diet which was 
normal with respect to other nutrients 
and included 0.28% choline chloride. All 
the animals used in these experiments 
were fed this diet. The vitamin Biz restric
tion prior to weaning was imposed to min
imize the de novo synthesis of choline 
from “one-carbon” units. Strength et al.
(10) had observed the choline-sparing ac
tion of this vitamin and their results were 
confirmed by Best et al. (11) who devel
oped a diet which could be used to study 
the sparing effect of vitamin Biz. The pro

R e c e iv e d  f o r  p u b l ic a t io n  J u n e  2 4 ,  1966.
1 T h is  in v e s t ig a t io n  w a s  su p p o r te d  b y  P u b lic  H e a lth  

S e rv ice  R e s e a rc h  G ra n ts  n o . H T S -5 3 0 6  a n d  A M -0 5 6 8 7  
f r o m  th e  N a t io n a l  In s t itu te s  o f  H e a lth .

2 5 2 J. N u t r it io n , 9 0 : ’66
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tective action of vitamin Bt2 on the subse
quent development of choline deficiency 
has been demonstrated also by a marked 
decrease in the incidence of hemorrhage 
in the kidney when the vitamin was added 
to the mother’s diet during the period 
from birth to weaning (1 2 ) . In the pres
ent studies the pre-weanling animals were 
not deprived of choline itself because the 
double deprivation of vitamin B12 and cho
line would have accelerated and intensi
fied the occurrence of renal lesions in 
those animals subsequently fed the semi- 
purified choline-deficient diet and this 
would have decreased survival through the 
planned experimental period.

Materials and diets. The dietary con
stituents were obtained from a single 
source 2 with the exception of commercial 
brands of sucrose, lard, com oil and 
peanut oil.

The pre-weanling diet had the following 
composition per 100 g: (in grams) casein, 
20.0; cellulose, 5.0; cornstarch, 42.7; su
crose, 13.0; lard, 13.0; corn oil, 1.60; 
peanut oil, 0.4, containing fat-soluble vita
mins; salt mixture, 4.0; vitamin mixture, 
0.027; and choline chloride, 0.28. The 
salt mixture had the following composi
tion per 100 g of diet: (in grams) CaCCh, 
1.18; CaHPCh, 0.54; KH2P04, 1.07; NaCl, 
0.46; KC1, 0.29; (MgC03)4M g(0H )2-5H20, 
0.19; MgSCh, 0.14; FeSCfi- 7H20 , 0.11; 
CuSO4-5H20. 0.003; MnS04-5H20, 0.01; 
ZnS04-7H20 , 0.003; CoSOp 7H20 , 0.04; 
NaF, 0.0003; and KI, 0.003. The water- 
soluble vitamin mixture had the following 
composition per 100 g of diet: (in grams) 
thiamine, 0.002; riboflavin, 0.004; pyri- 
doxine, 0.002; niacin, 0.015; and Ca pan
tothenate, 0.004. The peanut oil in 100 g 
of diet contained 10 mg a-tocopheryl ace
tate; 5 mg menadione; 200 units vitamin 
A; and 28 units vitamin D. The weanling 
semipurified diet had the following com
position per 100 g: (in grams) casein, 
8.0; cellulose, 5.0; dextrose, 10.0; sucrose, 
56.5; lard, 13.0; corn oil, 1.60; peanut oil 
(containing fat-soluble vitamins), 0.4; salt 
mixture, 4.0; vitamin mixture, 0.027; cys
tine, 0.48; threonine, 0.49; tryptophan, 
0.20; phenylalanine, 0.34; and choline 
chloride, 0.28 (when supplemented at the 
expense of dextrose for the semipurified 
control group diet). The salt mixture and

the vitamin mixtures had the same com
position as the pre-weanling diet. Through
out the experiment all rats were given 
food and water ad libitum.

The animals in a third group were fed 
a commercial brand of rat ration 3 con
taining 0.36% methionine and 0.17% 
choline chloride to maintain normal kid
neys. The fatty acid composition of the 
post-weanling diets is shown in table 1.

Treatment of kidneys. Individual rats 
fed the choline-deficient diet were weighed 
daily from the seventh day after weaning. 
They were decapitated 11 to 14 days after 
weaning when the body weight remained 
steady or showed a decrease on consecu
tive days. Control animals were killed at 
the same time as the experimental ani
mals. The kidneys were decapsulated and 
wiped free from blood. The peripelvic fat 
was removed from the kidneys before they 
were weighed. They were covered with 
methanol in Pyrex tubes, placed in a hot 
water bath for exactly 2 minutes to de
stroy enzyme activity and were stored 
under an atmosphere of nitrogen at —15°.

The solvents used for the storage, ex
traction and chromatography of tissues 
and tissue extracts were degassed before 
use with prepurified nitrogen and all pro
cedures were carried out under an atmos
phere of nitrogen to reduce fatty acid 
oxidation. The kidney lipids from each 
animal were extracted from the tissue 
with three successive volumes of approxi
mately 9 ml of chloroform-methanol (2:1) 
in a ground glass homogenizer. The com
bined extracts were washed according to 
the method of Folch et al. (13). The 
lipids and interface material were com-

T A B L E  1

Fatty acid composition of rat diets

F a tty  a c id L a b o ra to ry
r a t io n

S e m ip u r ifie d
d ie t

% %
M y r is t i c 3 . 1 1 . 9

P a l m i t i c 2 7 .6 2 5 .3
P a l m i t o l e i c 4 .1 2 .6
S t e a r i c 9 .0 1 5 .6
O le i c 3 1 .3 4 0 .5
L i n o l e i c 2 4 .9 1 4 .1

1 A m o u n t  o f  e a c h  fa t ty  a c id  e x p r e s s e d  as %  o f  th e  
to ta l  fa t ty  a c id .

2 N u tr it io n a l  B io c h e m ic a ls  C o rp o ra t io n , C le v e la n d .
3 P u r in a  L a b o r a to ry  C h o w , R a ls to n  P u r in a  C o m p a n y , 

St. L o u is .
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bined, dried with magnesium sulfate and 
stored in chloroform-methanol (2 :1 ) at 
-1 5 ° .

Suitable aliquots of the total lipid ex
tracts were converted to the corresponding 
methyl esters of the component fatty acids 
by acid-catalyzed transesterification. The 
fatty acids were methylated by heating at 
65° for 4 hours in 0.2 ml of 2,2-dimeth- 
oxypropane, 0.25 ml of PTSCh and 5 ml of 
methanol in Teflon-lined screwcapped Py
rex tubes under an atmosphere of nitro
gen. The fatty acid analyses were carried 
out using a Loenco Model 15 B gas chro
matograph, with a 183-cm (6-foot) col
umn of 20% diethylene glycol succinate 
on Chromosorb W. The operating tem
perature was 197° with a gas flow of 60 
ml per minute through a column of 6-mm 
( Va inch) diameter.

Total lipid extracts were separated into 
neutral lipids and phospholipids on chro
matographic columns (2 cm I.D.) with 
15 g silicic acid containing 10% Celite as 
the stationary phase according to the 
method of Fillerup and Mead (14). The 
eluates were taken to smaller volumes, 
centrifuged to ensure removal of traces of 
silicic acid and the dry weights of the 
lipid solutes were obtained after complete 
purging from solvents. Precautions were 
taken to ensure that exposure of the 
samples to the air was reduced to a mini
mum. The methyl esters of the fatty acids 
of the neutral lipids and phospholipids 
were prepared by the same procedure used 
for the total lipids. A more sensitive Bar
ber Colman Model 10 gas chromatograph 
was used for the analysis of the neutral 
lipids to conserve the limited supply of 
these materials. This instrument was 
equipped with a 91-cm (3-foot) column 
of 13% ethylene glycol succinate on sili
conized Chromosorb. The operating tem
perature was 192° with a gas flow of 70 
ml per minute through a column of 6-mm 
diameter. Fatty acid mixtures analyzed 
for percentage composition on both gas 
chromatographs gave identical results.

The linearity of the detector and the 
weight response for fatty acid methyl es
ters of different chain length were verified 
by determining the quantitative composi
tion of mixtures of standards of known 
composition. For the identification of the

fatty acid methyl esters, relative retention 
times were compared with standards ob
tained from the Hormel Institute, Austin, 
Minnesota. The peak area was deter
mined by multiplying the peak height by 
its width at half-height. The results are 
expressed as the percentage fatty acid of 
the total by weight which is a function of 
the peak area produced by the fatty acid.

R E S U L T S

Data obtained for total renal lipids are 
shown in table 2. Although the major ef
fort in the present studies was concerned 
with a comparison between the lipids of 
normal and severely hemorrhagic kidneys, 
a number of animals fed the choline- 
deficient diet were also obtained during 
the 11- to 14-day post-weanling period 
whose kidneys in appearance could be 
classified as normal, partially recovered or 
frosted, the categories previously described 
by Griffith to differentiate the successive 
stages of degeneration, regeneration and 
repair of hemorrhagic kidneys (15). The 
data for these tissues are included for 
purposes of comparison with the more 
extensively studied kidneys.

There was a mean increase in kidney 
weight ranging from 0.94% body weight 
for the choline-supplemented control ani
mals to 1.84% body weight for the se
verely hemorrhagic kidneys of the choline- 
deficient animals with intermediate values 
corresponding to different stages of degen
eration, regeneration and repair. The mean 
value for the weight of kidneys of the ani
mals fed laboratory ration (0.98% body 
weight) was essentially the same as that 
for the kidneys of the control animals.

The total kidney lipids decreased from 
4.48 g to as low as 3.10 g,/100 g kidney 
when choline was omitted from the semi- 
purified diet, with intermediate values for 
the different stages of the syndrome (table 
2). Kidneys with normal appearance had 
less total lipid per 100 g kidney than kid
neys from animals fed either the choline- 
supplemented control or the laboratory ra
tion diet.

The relative amounts of the major fatty 
acid components found in the kidney total 
lipids are shown in table 2. A striking 
difference is observed between the fatty 
acid composition found in lipids from
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kidneys from control rats and severely 
hemorrhagic kidneys. The fatty acids from 
severely hemorrhagic kidneys show an in
crease in the percentage of palmitic and 
oleic acids and a decrease in linoleic and 
arachidonic acids. In the case of arachi- 
donic acid the percentage is about one- 
half of the control value. The proportion 
of linoleic acid (9.0% ), is likewise appre
ciably less than that found in the controls 
(16.2% ). Data for kidneys from animals 
fed the laboratory ration show a renal 
fatty acid pattern, in particular with re
spect to linoleic and arachidonic acids, 
which is essentially the same as that for 
kidneys of control animals.

Data for kidneys showing less severe 
stages of the syndrome indicate fatty acid 
patterns which are intermediate between 
the extremes noted. The “frosted” group 
represents the most severely affected kid
neys in this series, as is demonstrated by 
the increased kidney weight (1.50% body 
weight). The proportion of linoleic acid 
in the total renal lipids of these animals 
(8.7% ) is significantly lower than in the 
controls (16.2% ). The kidneys with nor
mal appearance have a renal fatty acid 
pattern with respect to linoleic and arachi
donic acids which is essentially the same 
as in the kidneys of control rats and those 
fed laboratory ration. The change in the 
fatty acids noted in the total lipids of 
severely hemorrhagic kidneys is reflected 
primarily in the phospholipids (table 3) 
and to a slight degree in the neutral lipids 
(table 4) where some decrease is ob
served in the percentage of linoleic acid 
but not arachidonic acid.

The data in table 3 illustrate the simi
larity between the fatty acid patterns of 
the kidney phospholipids, especially lino
leic and arachidonic acids, from animals 
fed the laboratory ration and control diets. 
Both groups show significantly greater per
centages of these acids than the choline- 
deficient animals with severely hemor
rhagic kidneys. The arachidonic acid val
ues in the phospholipid fractions of the 
animals fed laboratory ration are some
what lower than would be expected on the 
basis of the total lipid fatty acid determi
nation. This is undoubtedly the result of 
some loss by oxidation even though when
ever possible procedures were performed
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TABLE 3
Fatty acid composition of phospholipids of kidneys of normal and choline-deficient rats

Laboratory
ration

Semipurified 
diet with 
choline

Semipurified 
diet without 

choline

Phospholipid/100 g wet kidney, g 3.72 ±  0.29 1 3.33 ±0 .39 2 2.04±0.45 3

Phospholipid/100 g total lipid, g 84.9 ±  1.05 1 81.6 ±1 .69 2 67.1 ±1 .48  3

Fatty acid 4
Palmitic, % 26.8 ± 0 .5  1 19.5 ± 2 .0  2 35.5 ± 1 .2  3
Stearic, % 22.5 ±0 .4 17.3 ± 0 .6 20.3 ±0 .9
Oleic, % 13.9 ±0 .8 15.3 ±0 .7 20.1 ± 1 .2
Linoleic, % 14.5 ±0 .5 16.8 ± 1 .2 7.6 ±0 .4
Arachidonic, % 22.3 ±0 .7 28.3 ±1 .4 14.9 ±1 .6

1 Mean o f 15—16 animals ±  se.
2 Mean o f 14-15 animals ±  se.
3 Mean o f 18-19 animals ±  se.
4 Amount o f each fatty acid expressed as % o f the total fatty acid quantity.

TABLE 4
Fatty acid composition of neutral lipids of kidneys of normal and choline-deficient rats

Laboratory
ration

Semipurified 
diet with 
choline

Semipurified 
diet without 

choline

Neutral lipid/100 g wet kidney, g 0.60 ±0 .05 1 0.97±0.06 2 1.05±0.10 3

Neutral lipid/100 g total lipid, g 15.1 ±  0.97 1 18.4 ±1 .82  2 32.9 ±1.51 3

Fatty acid 4
Palmitic, % 38.0 ± 1 .9  1 32.5 ± 1 .7  2 36.2 ±1 .1  3
Palmitoleic, % 6.1 ± 0 .4 5.0 ±0 .5 3.5 ±0 .3
Stearic, % 10.0 ±1 .1 12.4 ±0 .5 7.6 ±0 .4
Oleic, % 22.9 ±1 .2 31.5 ±1 .6 37.3 ± 0 .9
Linoleic, % 11.3 ±1 .0 11.1 ±0 .8 7.5 ± 0 .3
Arachidonic, % 8.6 ±1 .0 6.3 ±0 .6 7.4 ±0 .9

1 Mean o f 16 animals ±  se.
2 Mean o f 14-19 animals ±  se.
3 Mean o f 18-19 animals ±  se.
4 Amount o f each fatty acid expressed as % o f the total fatty acid quantity.

under an inert atmosphere. The fatty acid 
composition of the phospholipids from nor
mal kidneys of control rats and those fed 
laboratory ration is in good agreement with 
data reported by Veerkamp et al. (16). 
The values for the renal phospholipids 
and neutral lipids (tables 3, 4) show that 
the neutral lipids make up 15% and 
18.4% by weight of the total renal lipids 
from animals fed laboratory ration and 
control diets, respectively. The neutral 
lipids from severely hemorrhagic kid
neys make up 32.9% by weight of the 
total lipids.

DISCUSSION
In the present study the correlation be

tween increased weight of hemorrhagic 
kidneys and severity of the syndrome 
agrees with earlier observations (15).

This increase in the size of the hemor
rhagic rat kidney has been ascribed by 
Baxter and Goodman (17) as due largely 
to an increase in substances other than 
lipid. During the period prior to the on
set of renal necrosis, they observed that 
there is no increase in the concentration 
of renal lipids and only a little stainable 
fat in the form of collections of small drop
lets as observed in frozen sections of these 
kidneys. Patterson and McHenry (9) re
ported similar results concerning the con
centration of total renal lipids during the 
early days of choline deprivation, but they 
noted a decreased concentration of these 
lipids in later stages of kidney degenera
tion. They also demonstrated that the 
water content of normal and hemorrhagic 
kidneys is essentially the same (9). Hart- 
roft (7 ), in a study of the day-by-day de
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velopment of the renal syndrome, showed 
that the first histological change involved 
sudanophilic droplets of fat formed intra- 
cellularly just within the peripheries of 
the proximal convoluted tubules. A later 
stage of renal degeneration is manifested 
by the appearance of necrotic tubules and 
the concurrent existence of tubules filled 
with fatty droplets. In the present study 
the lower amount of total lipid per unit 
weight of tissue in the severely hemor
rhagic kidneys compared with the kidneys 
of control animals is in agreement with 
the quantitative results of Patterson and 
McHenry (9 ). These workers also reported 
a decrease in the phospholipid concentra
tion of hemorrhagic kidneys. A similar ob
servation was made in the present work. 
The resulting increase in the neutral lipid- 
to-phospholipid ratio of kidneys with severe 
lesions may relate to the heavy lipid de
posits observed by Hartroft in pre-necrotic 
tubules (7 ). The rate of phospholipid 
turnover in the rat kidney is known to be 
greatest at the period when the incidence 
of hemorrhagic kidney is most prevalent
(18).

The present studies indicate that the 
hemorrhagic kidney caused by choline 
deprivation also involves changes in the 
fatty acid moieties of the renal lipids. 
Linoleic and arachidonic acids make up a 
lower proportion of the total fatty acids 
found in the lipids of severely hemorrhagic 
kidneys when compared with values for 
kidneys from control rats or those fed 
laboratory ration. This decrease is related 
primarily to the lower percentage of these 
polyunsaturated fatty acids in the phospho
lipids, rather than the neutral lipids. Ani
mals fed the semipurified diet, with or 
without choline supplementation, showed 
near normal renal fatty acid patterns when 
the kidneys did not exhibit the severe form 
of the syndrome. Thus, the change in 
renal fatty acid pattern appears to be re
lated to the hemorrhagic condition of the 
kidney.

The steady-state distribution of acids 
among the glvcerolipids in mammals is con
trolled by many factors (19), and vari
ables such as the diet may control the 
steady-state glycerolipid composition of 
some tissues. Dietary choline and meta
bolic products derived from it are involved

in the cytidinediphosphocholine: diglycer
ide cholinephosphotransferase system (20) 
as well as the N-methyltransferase reac
tions (21, 22). Both of these enzymatic 
systems are concerned with the biosyn
thesis of lecithin, a major phospholipid in 
mammalian tissues. Choline deprivation 
in rats undoubtedly initiates a complex 
sequence of biochemical events leading to 
the hemorrhagic syndrome observed in the 
kidney. The present studies suggest 
that the turnover of fatty acids in phos
pholipids may be involved in this choline- 
dependent sequence of events.

Fatty acids are not distributed evenly 
between the 1- and 2-positions of the phos- 
phoglycerides. Lands and Hart (23) and 
Lands and Merkl (24) have shown that in 
mammals the acyl-CoA: acylglycerophos- 
phorylcholine acyitransferases preferen
tially esterify saturated fatty acids at the 
1-position and unsaturated fatty acids at 
the 2-position. Since different enzymes 
esterify these 2 positions on the glycerol 
moieties of phospholipids, their respective 
response to control mechanisms need not 
be the same. For example, it is believed 
that the ratio of saturated to unsaturated 
fatty acids in phospholipids can be influ
enced in some tissues by the concentra
tion of acyl-CoA derivatives since these 
substances have a selective inhibitory ef
fect on enzymes responsible for fatty acid 
turnover in phospholipids (19, 23, 24). 
The complexity of such regulatory mecha
nisms concerning variations in the phos
pholipid species of specific tissues will 
have to be understood in detail at the en
zyme level before the relationship observed 
here concerning the lipid aberrations in 
hemorrhagic kidneys is understood.
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ABSTRACT The concentration of 14 metals in the intestinal walls of normal rats 
was measured by emission spectrography. In vitro uptakes of divalent Zn, Mn, Cd, 
and Hg, by intact strips of rat intestine were studied as functions of: region of small 
intestine, incubation time, medium metal concentration, and mutual competition. The 
uptakes o f D-glucose and L-alanine were depressed by Cd and Hg but not by Zn or 
Mn. The regional uptakes of Zn, Cd, and Hg were least by the jejunum; Mn uptake 
was least by the ileum. Jejunum and ileum preparations took up Zn >  Hg >  Cd >  
Mn. Zinc and Mn uptakes were biphasic, with initial rapid uptakes followed by slower 
continued uptakes for one hour; in contrast, Hg and Cd uptakes were initially rapid 
but remained constant and presumably surface-bound. Striking observations were the 
enhancement of Zn uptake by Hg or Cd and Hg uptake by Zn or Cd, depression of 
Mn uptake by Zn or Cd and Cd uptake by Hg. Manganese had no effect on Zn or 
Cd uptake, but Hg uptake was slightly enhanced by Mn (1 0 -4 to 10-2 m ) .  Cadmium 
uptake was enhanced by Zn (1 0 -5 to 10~3 m )  but depressed at higher Zn concentra
tions.

Soft tissues, especially liver, pancreas, 
and kidney, accumulate transition and re
lated metals (1 ). It has been reported 
that Zn concentrates in fish liver to high 
levels (2); Mn localizes in mitochondria 
of liver and kidney (3 ); Hg and Cd ac
cumulate in the kidney and liver (4-12);  
and Cd distribution in mice resembles that 
of Zn (7, 10). However, basic data per
taining to the nature of divalent metal ion 
uptakes by intestinal tissue are still scanty. 
The mechanisms by which divalent metals 
are taken up by cell surfaces, transported 
across cell membranes and ultimately lo
calized in tissues and organs remain ob
scure.

With in vitro experiments, we have 
studied the uptake characteristics of a 
pair of divalent essential metals, Zn and 
Mn, and a pair of divalent nonessential 
metals, Cd and Hg. Data presented de
scribe the basic nature of their uptakes, 
their regional uptakes, relative rates of 
uptake, competition with one another for 
uptake, and their effects on the uptakes 
of D-glucose and L-alanine. Emission spec- 
trographic analyses were performed to 
measure the initial metal content of rat 
intestinal tissue prior to incubation with 
particular metal ions.

METHODS AND MATERIALS
Spectrograpkic analysis. Eight normal 

adult rats of the Wistar strain, of both sexes 
(200 to 300 g), fed a commercial labora
tory ration and tap water3 ad libitum, 
were fasted for 24 hours, decapitated, and 
the small intestines immediately removed. 
The duodenum, jejunum, and ileum from 
each rat was analyzed separately. Tissues 
were washed with physiologic saline, 
everted, rewashed, and blotted gently with 
Whatman no. 43 filter paper. The aver
age weights of the duodenal, jejunal, and 
ileal preparations from each rat were 360, 
824, and 724 mg, respectively. The sam
ples were placed into 50-ml silica dishes, 
oven-dried for 16 hours at 110 to 120°, 
and ashed for 12 hours at 300° and then 
for 48 hours at 450 ± 1 0 ° .

Ash from each sample was mixed with 
an equal weight of graphite, using Pd as

R e c e iv e d  f o r  p u b lic a t io n  J u n e  2 2 , 1966.
■ P re s e n t  a d d re s s : S ta n fo r d  U n iv e rs ity  S c h o o l  o f  

M e d ic in e ,  P a lo  A lto , C a li fo rn ia .
2 F in a n c ia l  s u p p o r t : T h is  in v e s t ig a t io n  w a s  su p 

p o r te d  b y  V e te ra n s  A d m in is tra t io n  r e s e a r c h  f u n d s  a n d  
th e  P u b lic  H e a lth  S e rv ice  R e s e a rc h  G ra n t n o . H E -02577  
f r o m  th e  N a t io n a l  In s t itu te s  o f  H ea lth .

2 P u r in a  L a b o r a to ry  C h o w  a n a ly s is :  ( p p m )  Z n ,
5 9 .0 8 ; M n , 5 0 .4 9 ; C d , 0 .4 0 ; H g , 0 .8 8 ; R a ls to n  P u r in a  
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n o t  d e te c te d ; M n , 4 .3 ; D u r fo r ,  C. N ., a n d  E . B e c k e r  
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the internal standard. Duplicate aliquots 
of each were DC anode-excited at 11 A 
short circuit, using a Jarrell-Ash emission 
spectrograph (3.4 m Ebert Mark IV), with 
a diffraction grating of 22,500 lines/2.5 
cm, a 76-cm camera and Kodak 103a-O 
spectroscopic plates. A standard matrix, 
simulating tissue ash, was prepared with 
the following: (in % ) 18.6 K as KP03,
15.0 Na as NaCl, 1.0 Mg as MgO, 1.0 Ca 
as CaC03, and 0.98 Fe as Fe20 3. A mixture 
of 15 elements was added to the matrix 
prior to arcing, and dilutions were made 
to cover the range of 0.5 to 4000 ug/g 
matrix. A Jarrell-Ash densitometer was 
used for microphotometry.

Incubation and counting technique. 
Normal adult rats of the Wistar strain, of 
both sexes (200 to 300 g), fed a com
mercial laboratory ration and tap water4 
ad libitum, were fasted 24 hours before 
killing. The procedure used for the prep
aration and incubation of tissue through
out these experiments was that of Crane 
and Mandelstam (13) as modified by 
Sahagian (14). The tissue samples con
sisted of 90 to 100 mg of intact strips of 
rat small intestine. Samples were incu
bated in 25-ml Erlenmeyer flasks contain
ing 3 ml of Ca-free Krebs-Ringer phos
phate (pH 7.4) or Tris 10 m M  buffer (pH 
7.4) unless otherwise indicated (15, 16). 
All incubation media were 5 m M  in D-glu- 
cose or, in one series of experiments, 5 mM 
in L-alanine. No more than one of the 
metals studied was added to any one in
cubation medium except in experiments 
testing the effect of one metal on the up
take of another. These metals were in 
the form of their divalent cations; the 
symbols used are to be so interpreted. All 
incubations were carried out at 37°. The 
gas phase was pure 0 2, except for the 
anaerobic experiments when pure N2 was 
used. Unless otherwise indicated, all meas
urements of uptake were performed on at 
least 3 aliquots of tissue at each metal 
concentration, and all results cited are the 
mean of such triplicate analyses. The 
variability within triplicate determinations 
of uptake for the same metal was less 
than ±  5% ; the variability among differ
ent experiments conducted under identical 
conditions was less than ±  8%. The ap
parent differences in the uptakes for the

same metal, expressed in counts per min
ute, resulted largely from the use of dif
ferent levels of specific activity. Control 
samples were carried out simultaneously 
for each experiment.

Nuclear-Chicago radiation analyzer and 
scaler was used to measure gamma-emis
sion. For uniformly labeled D-glucose and 
L-alanine measurements, tissue samples 
were ground with a Potter-Elvehjem ho- 
mogenizer and proteins precipitated with 
80% ethanol. An aliquot of each super
natant was transferred to a 3-cm diam
eter planchet, dried under an infrared 
lamp, and beta-emission was measured 
with a Nuclear-Chicago scaler. All read
ings were corrected for background.

Compounds and coventions used. Ana
lytical reagent grade D-glucose, L-alanine, 
and the chlorides of Zn, Mn, Cd, and Hg 
were used. The radioisotopes of the metals 
were: 54Mn, carrier-free, obtained from the 
New England Corporation; and 65Zn, 203Hg, 
and 115mCd, obtained from Oak Ridge Na
tional Laboratory. Uniformly labeled 14C-d- 
glucose and 14C-L-alanine were obtained 
from the International Chemical Nuclear 
Corporation.

Spectrographic results are expressed as 
micrograms of metal per gram of wet 
weight of tissue. All other calculations are 
based on 100 mg wet weight of tissue de
termined prior to incubation.

RESULTS
Metal content of normal rat intestine. 

Concentrations of 14 metals in rat duo
denum, jejunum, and ileum were deter
mined by emission spectrography (table 
1). Metals present appeared to fall into 
3 groups of relative abundance. Iron and 
Zn with median concentrations in excess 
of 33 ug/g tissue were the most abundant. 
Copper, Mn, Al, and Mo, had median con
centrations of 5.9 ug to 0.73 ug/g tissue. 
Nickel, Ti, Sn, Pb, Cr, Ba, Sr, and Ag, in 
the order of decreasing abundance, had 
median concentrations of 0.19 ug to 0.01 
ug/g of tissue. The concentrations of Zn 
and Mn were different; Zn was 30 times 
as concentrated as Mn, despite the dietary 
supply levels of these 2 metals being about 
the same.5 Cadmium was detected in only

4 See fo o tn o te  3.
5 See fo o tn o te  3.
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a few samples, indicating that there was 
usually less than 0.01 ug/g of wet tissue. 
Mercury was not measured spectrograph- 
ically because it volatilized during ashing. 
Variations in the trace metal pattern of 
the small intestine were apparent; how
ever, no attempt was made to evaluate re
tention levels of the metals by this tissue 
under the conditions of these experiments.

Uptake of individual metals by rat in
testine. To study regional differences in 
uptake, tissue from the duodenum, jeju
num, and ileum was separately incubated 
for 30 minutes with 10*“ m  solutions of 
each of the metals. Two patterns of up
take were observed: Mn showed little re
gional variation, whereas, Zn, Cd, and Hg 
were taken up to a greater extent by the 
duodenum and ileum than by the jeju
num (fig. 1).

To study relative uptakes of these 4 
metals, pooled tissue from the jejunum 
and ileum was incubated for one hour 
with solutions of each of the metals. Two 
sets of experiments were conducted, one 
in which the initial medium concentra
tion of each metal was the same (0.3 
umole/3 ml) and the other in which the 
initial medium molarity was varied as 
indicated in table 2. On a comparative 
basis, metal uptake rates follow the order 
of Zn > Hg > Cd > Mn by the end of one 
hour of incubation when the initial con
centration of the medium was 10-4 m  for 
each respective metal. When initial me
dium metal concentrations were increased 
even five- or sixfold as in the case of Zn 
and Mn, respectively, the tissue metal up

takes increased but the relative order of 
uptakes still remained about the same.

Uptakes of 10*“ m  concentrations of the 
same metals by similar preparations were 
studied as functions of incubation time 
(fig. 2). There was an initial rapid up
take of Zn and Mn followed by a slower

Fig. 1 Uptakes of metal ions by various re
gions of rat intestine. Intact strips of duodenum 
(D ), jejunum (J ), and ileum (I), were sepa
rately incubated for 30 minutes with 10-8 m 
labeled Mn, Zn, Cd or Hg. Incubations were 
made at 37° in Ca-free Krebs-Ringer phosphate 
bufFer (pH 7.4) 5 m M  in glucose and under 
100% O2 , Tissue samples were blotted after in
cubation and placed in 15 x  20-mm test tubes 
containing 1 ml of distilled water and counted. 
From each of 4 rats, 3 duodenal, 5 jejunal and 
6  ileal preparations were made and tested 
against all 4 metals. Mean and standard devia
tions of metal uptakes are presented.

TABLE 2
Comparative metal uptakes by rat intestine 1

Initial medium 
cone Metal uptake

Ratio of 
initial medium 

cone
Ratio of 

metal uptakes

Zn

limole/3 ml
1.545
0.30

fimole/100 mg 
wet tissue 

0.446 
0.074 5.15 6.03

Hg 0.50
0.30

0.107
0.061 1.67 1.75

Cd 0.975
0.30

0.111
0.052 3.25 2.13

Mn 1.820
0.30

0.120
0.024 6.07 5.0

1 Pooled intact strips of jejunum and ileum were incubated with metal ions for 1 hour in Krebs-
Ringer solution 10 mM in Tris buffer (pH 7.4) and 5 mM in glucose.
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Fig. 2 Aerobic uptakes of metal ions as func
tions of incubation time. Pooled intact strips of 
jejunum and ileum were incubated for various 
periods with lO-6 m  labeled Mn, Zn, Cd, or Hg. 
The other conditions of incubation and radio
metal assay were as described in the legend to 
figure 1. Similar curves were obtained under 
100% N2; these axe not presented.

Fig. 3 Uptakes of Mn and Zn in the presence 
of 2,4-dinitrophenol (1 0 _4m ). Pooled intact 
strips of jejunum and ileum were incubated for 
60 minutes in Krebs-Ringer solution 10 mM in 
Tris buffer (pH 7.4) with 10-4 m  labeled Mn or 
Zn. Open figures indicate incubation without, 
and solid figures incubation with 2,4-dinitro- 
phenol. The other conditions of incubation and 
radiometal assay were as described in the legend 
to figure 1.

rate for the remainder of the 60-minute 
incubation period. The uptake of Cd and 
Hg began with a similar rapid phase, but 
after 10 minutes there was no further in
crease in their uptakes. Uptakes of all 4 
metals were unaltered by anaerobic condi
tions (100% N2) (fig. 2). Moreover, 2,4- 
dinitrophenol (10-4 m ) had no effect on 
the aerobic uptakes of Zn and Mn (fig. 3).

Uptakes by similar preparations were 
studied as functions of metal concentra
tion of the medium. For each metal, a 
tissue concentration was reached which 
depended on the initial medium concen
tration of the metal and the characteristic 
rate of uptake of the particular metal. 
With initial molarities about 10~2, the up
takes in 2 hours for Hg, Zn, Cd, and Mn 
were in the approximate ratios of 4:3:2:1. 
The uptake of each metal responded dif
ferently and non-linearly to concentration 
(%. 4).

Uptake of one metal in presence of 
another. The effect of increasing con
centrations (10-7 to 10"zm ) of one metal 
on the uptake of a second metal (10-6 m ) 
was studied. Cadmium or Hg at 10-5 to 
10_3m greatly enhanced Zn uptake (fig.
5); in contrast, Mn had no similar en-

Fig. 4 Uptakes of metal ions as functions of 
medium metal concentration. Pooled, intact 
strips of jejunum and ileum were incubated for 
2 hours in Krebs-Ringer solution 10 m M  in Tris 
buffer (pH 7.4) with increasing concentrations 
of labeled Mn, Zn, Cd, or Hg. The other con
ditions of incubation and radiometal assay were 
as described in the legend to figure 1.
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hancing effect on Zn uptake or Cd uptake 
(fig. 6) and only slightly enhanced Hg 
uptake above 10-4 m  (fig. 7). The uptake 
of Mn was not altered by Hg, or by Zn 
up to 1 0 ~ 4 M ;  however, it was depressed 
by Cd, or by Zn at higher concentrations 
(fig. 8). Mercury uptake was markedly 
enhanced by Cd or Zn but little by Mn 
above 10~4 m  (fig. 7). Mercury depressed 
the uptake of Cd, whereas, Zn enhanced 
Cd uptake up to 1CT3 m  and depressed it 
above this concentration up to 1 0 " 2 m

(fig- 6).
Effects of metals on o-glucose and l- 

alanine uptakes. The effects of metals 
(1CT6 to 10~3m ) on the aerobic uptake of 
D-glucose by intact strips of intestine were 
examined. At these concentrations, Cd 
and Hg inhibited the aerobic uptake of 
D-glucose; whereas, Zn and Mn had no 
similar effect (fig. 9).

The effect of Cd or Hg on the uptake 
of L-alanine uptake was less than on d - 

glucose uptake, but inhibition was evident 
with 10~6 m or greater concentrations of 
Cd or Hg; the latter was more inhibitory. 
Zinc and Mn had no inhibitory effect 
(fig. 10).

Fig. 5 Effects of Mn, Cd, or Hg on aerobic 
uptake of Zn. Pooled intact strips of jejunum 
and ileum were incubated for 30 minutes in 
Krebs-Ringer solution 10 m M  in Tris buffer (pH 
7.4) with 10-6 m  labeled Zn and various con
centrations of Mn, Cd, or Hg. The other condi
tions of incubation and radiometal assay were 
as described in the legend to figure 1.

Fig. 6 Effects of Zn, Mn, and Hg on Cd up
take. Pooled intact strips of jejunum and ileum 
were incubated for 30 minutes with 10~6 M 
labeled Cd and increasing concentrations of the 
other metals. The other conditions of incubation 
and radiometal assay were as described in the 
legend to figure 5.

Fig. 7 Effects of Zn, Mn, and Cd on Hg 
uptake. Pooled intact strips of jejunum and 
ileum were incubated for 30 minutes with 10~6 
m  labeled Hg and increasing concentrations of 
the other metals. The other conditions of incu
bation and radiometal assay were as described 
in the legend to figure 5.

DISCUSSION
As a first step in our uptake experi

ments, the concentration of metals 
present in the walls of the normal rat 
intestine was measured by emission spec- 
trography to determine the metal content
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of this tissue prior to its use in our sub
sequent metal-uptake experiments. Rela
tively large amounts of Fe, Zn, and Cu

Fig. 8 Effect of Zn, Cd, or Hg on aerobic 
uptake of Mn. Pooled intact strips of jejunum 
and ileum were incubated for 30 minutes with 
10-G m  labeled Mn and increasing concentra
tions of Zn, Cd, or Hg. The other conditions of 
incubation and radiometal assay were as de
scribed in the legend to figure 5.

Fig. 9 Effect of metals on aerobic uptake of 
D-glucose. Pooled intact strips of jejunum and 
ileum were incubated for 60 minutes with 5 mM 
uniformly labeled 14C-D-glucose and various con
centrations of Mn, Zn, Cd, or Hg. The other con
ditions of incubation were as described in the 
legend to figure 1. After incubation, the radio
carbon content of the tissues was measured as 
described under Methods and Materials.

F ig . 10  E f f e c t s  o f  m e t a l s  o n  a e r o b ic  u p t a k e  
o f  L -a la n in e .  C o n d i t io n s  w e r e  t h e  s a m e  a s  th o s e  
d e s c r ib e d  i n  t h e  l e g e n d  to  f ig u re  9 , e x c e p t  t h a t  
5  m M  u n i f o r m l y  l a b e le d  14C - L -a la n in e  w a s  s u b 
s t i t u t e d  f o r  D -g lu co se .

were present. These amounts may well 
reflect the dietary intake of these metals. 
No measurements of metal retention based 
on extended periods of starvation or metal- 
restricted diets were attempted. Nonethe
less, the presence of a large number of 
metals in intestinal tissue of rats main
tained with a normal diet of laboratory 
ration and tap water was evident. Hence, 
the possibility that the metals already pres
ent may serve to influence the uptake and 
transport of other metals cannot be ig
nored. Under the conditions of these ex
periments, with the exception of Fe, rat 
intestine contained Zn in greater amounts 
than the other metals present. There was 
relatively little Mn in this tissue. The 
distribution ratio of Zn: Mn (30:1) is in 
accord with the absorptive characteristics 
of Zn and Mn observed in our time and 
concentration experiments and with those 
reported in marine organisms (2).

In these experiments, only metal uptake 
was considered. Future studies will take 
up transport across the intestinal wall. 
The inhibitory action of Cu and Hg on 
sugar uptake by intact rat diaphragm and 
muscle cells was reported by Demis and 
Rothstein (12). They observed Hg to be 
more inhibitory than Cu. Our uptake ex
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periments with D-glucose and L-alanine 
indicated that only Cd and Hg inhibit the 
aerobic uptake of these compounds. Thus, 
Cd showed a closer physiologic relation
ship to Hg than to Zn; Zinc behaved more 
like Mn. The inhibition of D-glucose up
take by equimolar concentrations of (10-3 
m )  Hg or Cd was about the same (55% ), 
but inhibition of L-alanine uptake by Hg 
(59% ) was more than twice that by Cd 
(23% ). These results were not entirely 
unexpected; the uncoupling of oxidative 
phosphorylation by Cd has been shown by 
Jacobs et al. (17), and inhibition of sugar 
absorption by heavy metal cations bound 
to cell surfaces has been reported by 
Kamen and Spiegelman (18).

Van Campen and Mitchell (19) re
ported that with ligated segments, Zn and 
Fe absorption in rats was more rapid at 
the duodenum. We observed the jejunum 
to be the least absorptive section of the 
rat intestine for Zn, Cd, and Hg. The 
differences in absorption by the duodenum 
and by the ileum were not too great. Zinc 
absorption was somewhat more rapid at 
the ileum. The duodenal value for Zn 
uptake was about 14.8% less and the 
jejunal value about 27.2% less than the 
ileal value. Manganese was absorbed 
maximally at the duodenum but at a 
much slower rate.

Crampton et al. (20) reported that Cu 
was absorbed maximally in the lower 
small intestine and that anoxia and 2,4-di- 
nitrophenol (DNP) had no effect on wall 
uptake of Cu. They concluded that up
take of Cu from the mucosal side resulted 
from the presence of binding sites on cell 
surfaces or within cells. Our results with 
Zn, Mn, Cd, and Hg were similar. The 
binding affinities of the various metal ions 
were different (figs. 1 and 4), and their 
uptakes were not responsive to anoxia or 
DNP (fig. 3). The very rapid and con
centration-dependent uptakes of Cd and 
Hg coupled with their mutual competition 
therefore favor the presence of common 
binding sites on mucosal cell surfaces. 
Zinc and Mn uptakes were likewise con
centration-dependent but also time-depend
ent. After 2 hours of incubation, when 
the initial concentrations were the same, 
100 mg of tissue contained a greater 
amount of Hg > Zn >  Cd > Mn (fig. 4).

Apparently, the total uptake capacity of 
gut tissue is not the same for all the 
metals tested (table 2). Gunn et al. (21) 
have reported that the capacity of the rat 
testis and dorsolateral prostate for 65Zn up
take is depressed by cadmium. Van 
Campen (22) has shown that Zn and Cd 
depressed Cu uptake in rats markedly, 
whereas Ag and Hg did not produce simi
lar significant depressions. Our experi
ments have shown marked mutual en
hancement and depression between Cd 
and Hg uptakes. This competitive action 
took place nearly at all concentrations 
(10-6 to 10“2 m ). Kagi and Vallee (23) 
have reported that Zn and Cd compete 
with each other for a site on metallothio- 
nein. The curves obtained (fig. 5) with 
Cd and Hg clearly indicate their enhanc
ing action on Zn uptake. By contrast, Mn 
has no similar action on Zn uptake or Cd 
uptake although Zn and Cd depress Mn 
uptake (fig. 8). Zinc enhances Cd uptake 
(1CT5 to 1CT3 m ) .

At the end of various incubation peri
ods, everted intestinal strips were blotted 
with filter paper, not washed, to remove 
adhering solution before radioactivity 
readings were taken. It was noted that 
some of the mucosal cells with metal ions 
attached were sloughed off and released 
into the incubation medium. Under these 
conditions, washing of this fragile tissue 
prior to measurement of radioactivity was 
impractical. Hence, a distinction between 
true absorption of metal ions and appar
ent absorption resulting from nonspecific 
adsorption remains difficult to ascertain. 
In these experiments, we have studied to
tal metal uptakes by gut tissue and some 
of the uptake properties of these divalent 
cations. We have not attempted to differ
entiate between extracellular adsorption or 
intracellular accumulation, although the 
uptakes of Hg and Cd are suggestive that 
these metals probably act at the cell mem
brane surface level. Zinc and Mn with 
time lag in their uptakes and lack of 
interference with glucose and alanine up
takes follow more closely the pattern 
of metal activities taking place intra- 
cellularly.

Some questions relating to the interac
tions of these metals with one another 
and with cell membrane surfaces neces
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sarily arise which are difficult to answer. 
The depression of Mn uptake by Cd and 
not by Hg (fig. 8) and the stimulation of 
Hg uptake by Zn, Cd, and Mn in the 
same order of magnitude as the individ
ual uptake of these metals are examples 
(fig. 7). It is also difficult to assess the 
biological significance of the intestinal up
take properties of the cations studied. But 
we can point out here that uptake prop
erties of the metals vary considerably so 
that they can become effective controlling 
factors in the uptake and transport of 
essential metals and other substances by 
the small intestine.
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ABSTRACT The purpose of this work was to study the water balance of laboratory 
rats under restricted water conditions, with particular attention to insensible water 
loss. Young adult female rats were fed liquid diets by gavage in amounts which 
maintained constant body weights. The diets were identical except for their water 
content which was 61.5, 48.3 and 38.7% of the diets. C02 production, Oo consump
tion and urine osmotic pressure determinations were made in addition to complete 
water balance studies. The rats adapted to these reduced water intakes without 
apparent difficulty and reduction of water to 28.1% of the diet during another short 
trial was also tolerated. A mean urine osmotic pressure of 3855 milliosmoles/liter 
was found when the diet contained 28.1% water. When the diet contained 38.7% 
water, the mean urine osmotic pressure was 3581 millisomoles/liter in the main 
trial and rechecked at 3276 milliosomoles/liter. The greatest saving of water, over 
the range of water restriction, was made by reduction of urine volume. Decreased 
dietary water was associated with a decreased proportion of water in the feces. The 
insensible water loss was less in grams, grams per liter of 0 2 uptake or grams per 
liter of CO. production when water was restricted.

The Conservation of W ater by Young Adult Rats
with Restricted Water Supplies 1,2

Water occupies a special position among 
the nutrients in several respects. One of 
these is that the requirements are less pre
cisely defined than for other nutrients. 
The great variety of factors which influ
ence the requirements for water are in 
part responsible for this situation. One of 
these factors which needs further study is 
the ability of animals to reduce water 
losses. A reduction in water loss should 
be equivalent to a reduction in water re
quirement.

The water-conserving ability of desert
dwelling rodents has been studied exten
sively, whereas relatively few studies have 
been made with laboratory rats. Schmidt- 
Nielsen and Schmidt-Nielsen (1 ) reported 
the insensible water loss of certain desert 
rodents to be distinctly less than it was for 
laboratory rats or mice. Kirmiz (2 ) also 
observed a lesser insensible water loss in 
kangaroo rats than in laboratory rats when 
the environmental humidity was high. 
His work also showed that kangaroo rats 
had less insensible water loss when fed a 
dry diet than when moist food was given. 
Schmidt-Nielsen (3 ) concluded that the 
capacity to exhale air at reduced tempera
ture is a mechanism whereby the kangaroo 
rat avoids water loss. He states that the 
laboratory rat apparently also has this

capability and the smaller water loss of 
the kangaroo rat may be due to less cuta
neous evaporative loss.

A question remains as to whether labor
atory rats, a non-desert species, possess the 
capacity to reduce insensible water loss as 
a means of water conservation. The work 
reported here was designed to answer 
this question and at the same time to 
make a complete study of the water bal
ance of laboratory rats under conditions 
of restricted water supply

EXPERIMENTAL METHODS
The animals used in this work were 

from a strain maintained at this labora
tory. All were young adult females about 
6 months of age. Body weights ranged 
from 245 to 360 g.

The main part of the work consisted of 
a trial using an extra period Latin square 
design as proposed by Lucas (4 ). Twelve 
rats were used, 6 in each of 2 blocks 
(replications). The treatments consisted 
of 3 degrees of water restriction and were * 1 2 3

R e c e iv e d  f o r  p u b lic a t io n  M a y  16 , 1966.
1 F r o m  a th e s is  su b m itte d  in  p a r t ia l  fu l f i l lm e n t  o f  

th e  r e q u ir e m e n t  f o r  th e  P h .D . d e g re e  in  A n im a l  
H u s b a n d r y , U n iv e rs ity  o f  M in n e so ta .

2 P a p e r  n o . 5 6 8 1 , S c ie n t if ic  J o u r n a l S er ies , M in n e 
so ta  A g r ic u ltu r a l  E x p e r im e n t  S ta t io n , St. P a u l.

3 C u rre n t  a d d re s s : D eser t  R e s e a rc h  In s t itu te , A n im a l  
R e s e a rc h  U n it , M a ta r ia , E g y p t, U . A . R .

2 6 8 J. N u t r it io n , 9 0 : ’ 66
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accomplished by giving all water and food 
combined in liquid diets which were ad
ministered by gavage. Each rat was sub
jected to each treatment for a period of 4 
days. The water was restricted in relation 
to food dry matter, and the diet intake was 
regulated to maintain body weight as 
closely as possible. The levels of water 
restriction used were 1.6, 0.9 and 0.6 parts 
water to 1 part food dry matter. These 
rats had been found to take an average of
1.6 g of water per g of food dry matter 
when allowed the same diet in granular 
form and water ad libitum. Samples of 
the liquid diets were taken at each feed
ing and 4-day composites were made for 
water determinations. The 3 diets were 
found to contain 61.5, 48.3 and 38.7% 
water.

An additional trial was conducted with 7 
rats over a 4-day period wherein 2 rats 
were fed the diet containing 61.5% water 
and 5 rats were fed a diet made to have a 
0.4:1 water:dry matter ratio. This diet 
was found to contain 28.1% water.

The composition of the basal diet is 
shown in table 1. All liquid diets were 
prepared from this basal diet by the addi
tion of the appropriate amounts of dis
tilled water. The liquid diets were stored 
in tightly capped bottles in the refrigerator 
and warmed before each feeding. All rats 
were fed 5 times daily at 2:00 and 6:00 
a m , 12:00 noon and 6:00 and 10:00 p m . 
The solid materials in the diets tended to 
settle out on standing, and therefore the 
bottles were thoroughly shaken before the 
portion for each rat was taken and ad
ministered from a 10-ml syringe with a 
short length of small diameter plastic

table  i
Composition of basal diet

%
Casein 10
Sucrose 81
Corn oil 5
Salt mixture 1 4
Vitamin mixture 2 +

1 P e rce n ta g e  c o m p o s it io n :  K H 2 P O 4 , 3 7 .8 0 ; C a C 0 3 , 
3 6 .0 0 ;N a C l, 1 3 .1 0 ; M g S 0 4-7 H 20 ,  1 1 .0 0 ; F e S 0 4 -7 H 20 ,  
1 .5 0 ; M n S 0 4 H 20 ,  0 .4 0 ; Z n C 0 3, 0 .0 8 ; K I, 0 .0 5 ; C u S 0 4, 
0 .0 5 ; a n d  C oC12-6 H 20 ,  0 .02 .

2 S u p p lie d  p e r  k g  o f  d ie t :  2 0 0 0  IU  v i t a m in  A , 30 0 0  
IU  v ita m in  D ; a n d  ( i n  m il l ig r a m s )  a -to co p h e r o l,  6 0 ;
m e n a d io n e ,  0 .1 ; th ia m in e -H C 1 , 1 .3 ; p y r id o x in e ,  1 .2 ; 
n ia c in ,  15 ; C a  p a n to th e n a te , 8 ;  r ib o fla v in , 4 ;  f o l i c
a c id , 2 ;  b io t in ,  2 .5 ; a n d  ( i n  m ic r o g r a m s )  v ita m in  B i2, 
50.

tubing. The syringe was weighed before 
and after each portion was fed. The rats 
had been fed the basal diet for more than 
a month preceding the start of the trial 
and had been fed the diet containing 
61.5% water on the experimental time 
schedule during the week preceding the 
start of the experiment. The amounts of 
diet required to maintain body weight were 
determined during this conditioning period 
so that the body weights were maintained 
constant with only small adjustments of 
feed intake during the trials.

Measurements of water and C02 output 
were made using a series of open circuit 
type animal chambers. The chambers con
sisted of small-neck plastic bottles approxi
mately 14 cm in diameter and 28 cm in 
height, with the bottoms cut off. The bot
tles were inverted, wire screens inserted 
for floors and the bottoms (tops) fitted 
with removable, tightly fitting sheets of 
Plexiglas with air inlet and outlet fitting. 
Each chamber was equipped with a urine- 
fecal separator in which both urine and 
feces were collected under oil. Dry, CO- 
free air, heated to 28° was pulled by suc
tion through the chambers. The air flow 
rates were adjusted with manometers at 
the inlet of each cage so that the flow was 
sufficient to exchange the air within the 
chamber completely in approximately 12 
minutes. The air outlet of each chamber 
was connected to a series of three 3.2 by 
50-cm U-tubes. The first and third tubes 
contained CaCl2 and the second tube con
tained a commercial CO« absorbant.1 2 * 4 The 
rats were maintained continuously in these 
chambers except for very short intervals 
when being fed or weighed. The water and 
C02 collecting tubes were by-passed during 
the time the chambers were open and for 
sufficient time subsequently for equilib
rium to be re-established. Accurate ac
counts were taken of the time the cham
bers were open and on by-pass operation. 
Seven chambers were used, six containing 
rats and one as a blank for detection of 
possible water or CCh in the incoming air.

The feces were dried to constant weight 
at 90° to determine fecal water. Samples 
of urine were also dried to constant weight 
and the mean values of 95.1, 88.3 and 
85.4% water for the samples from rats

4 B a ra ly m e , M c G r a w  E d is o n  C o m p a n y , C h ic a g o .
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fed the diets with 61.5, 48.3 and 38.7% 
water, respectively, were used with urine 
weights to calculate urinary water.

Insensible water loss was determined by 
the gain in weight of the first CaCL filled 
drying tube in the air train following each 
chamber.

C02 production was determined by the 
gain in weight of the second and third 
U-tubes following the chambers, which 
contained C02 absorbent and CaCl2, respec
tively. The insensible water loss and the 
COz production were corrected for the 
length of time the chambers were open 
each day to give 24-hour values.

The insensible body weight loss was 
calculated as the body weight change plus 
the weight of water and food taken in, 
minus the weight of urine and feces.

The Oz consumption was calculated as 
the insensible water plus the C02 produced 
minus the insensible body weight loss.

To get complete figures for water bal
ance, the amounts of metabolic water were 
calculated as 0.57 times the digestible dry 
matter of the diet. The constant 0.57 was 
derived from the diet composition, using 
the average values for metabolic water of 
the nutrient classes, assuming complete 
oxidation.

The osmotic pressure of urine was de
termined by freezing-point depression us
ing a Fiske osmometer. Values for some 
samples exceeded the range of the instru
ment and hence all samples with concen
trations greater that 2000 milliosmoles per 
liter were diluted 1 to 1 with deionized 
water and the determined pressure was 
multiplied by two. This was found to 
cause no error when tested by checking 
diluted against undiluted samples.

The osmotic pressure of urine was also 
obtained from an additional 12 rats sub
jected to these treatments and experi
mental design, but using metabolism cages 
rather than the air-tight animal cham
bers.

Carcass compositions were determined 
at the termination of the trials. Water was 
estimated as loss upon drying to a con
stant weight at 90°. The dry carcass re
maining was then crushed, wrapped in 
cloth and ether-extracted in a large Sox- 
hlet apparatus. The water content was 
calculated as a percentage of the fat-free 
(ether-extracted) carcass.

The statistical analyses with the extra 
period Latin square design produce esti
mated mean values which are the sum of 
the overall mean plus the treatment ef
fects. No block means are reported be
cause there were no significant block X  
treatment interactions. Residual effects 
were significant in 2 instances. In these 
cases the means were adjusted to remove 
residual effects and these are noted in the 
tables. The significance among means as 
indicated in the tables was determined by 
Duncan’s (5 ) multiple range test.

RESULTS AND DISCUSSION

The average water intakes and losses 
with the 3 treatments are shown in 
table 2. The rats were able to adjust to 
water restrictions of these magnitudes 
without apparent difficulty. No evidence 
of discomfort or ill health of any kind was 
observed in any of the rats.

The mean amounts of fecal water were 
similar on all treatments and were of minor 
importance in the water economy of these 
rats. The mean proportions of water in

T A B L E  2

Water intake and output of rats at different levels of water restriction

D ie ta r y  w a t e r ,  % 6 1 .5 4 8 .3 3 8 .7

W a t e r  i n  fo o d , g / d a y  1 1 6 .5 9 .7 7 .2

M e ta b o l ic  w a te r ,  g / d a y  1 5 .8 5 .7 6 .3

F e c a l  w a te r ,  g / d a y  1 0 .4 0 .3 0 .3

U r i n a r y  w a te r ,  g / d a y  2 10.1 4 .6 3 .8  ± 0 . 3 2  3

I n s e n s ib l e  w a t e r  lo s s ,  g / d a y  2 1 1 .3 9 .8 8 . 4 ± 0 . 1 2

1 T re a tm e n t  m e a n s  in c lu d in g  e x tra  p e r io d  v a lu e s .
2 M ean s n o t u n d e rsc o re d  by  th e  sam e  do u b le  lin e  d if fe r  s ig n if ic a n tly  (P  <  0 .0 1 ) .8 SE.
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the feces of the rats receiving the 3 levels 
of water intake as noted in table 3 showed 
highly significant differences. Thus rats 
are capable of conserving water by reduc
tion of fecal losses. Under conditions 
where the ration is not so highly digestible, 
this mechanism should provide significant 
savings of water.

The mean values for urinary water loss 
shown in table 2 illustrate that the reduc
tion in this avenue of water loss afforded 
an important water saving to the rats. The 
similarity of urinary water loss with the 
48.3 and 38.7% water diets is at least 
partly a reflection of the fact that the dif
ference in total water available with these 
diets is not great. It is noted that although 
urinary water was not the greatest water 
loss to the rats with most water available, 
it was the route of water loss with the 
greatest decrement when water was re
stricted. The mean osmotic pressure of 
urine increased markedly and highly sig
nificantly at each level of water restric
tion. It appears that the urine of rats was 
concentrated to a considerably greater de
gree than is usually accomplished with ad 
libitum water intake. The urine osmotic 
concentrations observed with the most se
verely restricted water are in excess of 
maximal values reported elsewhere for 
laboratory rats. Radford (6 ) reported a 
maximal urine concentration of 2670 
milliosmoles/liter by rats with no water

but with food available and a mean con
centration of 2719 milliosomoles/liter 
when neither water nor food was available. 
Bauman et al. (7 ) observed that rats 
given access to food but without water 
produced urine with a mean osmolality of 
2984 milliosmoles/kg. A number of desert 
rodents showed urinary concentrations of 
greater than 3000 milliosmoles/liter (8). 
This ability, however, is frequently associ
ated with anatomical features of the kid
ney not found in laboratory rats (9).

These extremely high values for osmotic 
pressure of the urine gave rise to the ques
tion of whether extensive breakdown of 
urinary organic constituents might have 
occurred during a short period of storage 
in the refrigerator. To explore this pos
sibility, the treatments were repeated with 
12 rats in metabolism cages. The urine 
was collected under toluene and the pres
sures were determined on the day of collec
tion. The mean urinary outputs and osmot
ic pressures were as shown in table 4. The 
differences in urinary output and osmotic 
pressure with treatments were highly sig
nificant. The osmotic pressures were ap
parently somewhat lower than those ob
served in the main experiments but the 
relationship among treatments was ap
proximately the same and the mean 
osmotic pressure of the urine from the rats 
fed the diet containing 38.7% water was 
again greater than previously reported val-

TABLE 3
Water concentrations in feces and urine of rats with different levels of water restriction

Dietary water, % 61.5 48.3 38.7

HaO in feces,% 1,2 57.7 47.5 42.6 ±  1.59 3

Urine osmotic pressure, milliosmoles/liter 1 1664 2851 3581 ±136

1 Means not underscored by same dcuble line
2 Mean of 47.5 >  42.6 (P <  0.05).
3 SE.

differ significantly (P <  0.01).

TABLE 4
Urinary output and osmotic pressure with different degrees of water restriction 

as determined in metabolism cages

Dietary water, % 61.5 48.3 38.7

Urine, g/day 1,2 7.0 4.3 3.2 ±  0.336 3

Urine osmotic pressure, milliosmoles/liter 1,4 1099 2331 3276 ±  138

1 Means not underscored by same dcuble line
2 Mean of 4.3 >  3.2 (P <  0.05).

differ significantly (P <  0.01).
3 SE.
4 Residual effects removed.
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ues for laboratory rats. The forcing of 
food intake with reduced water intake and 
possibly the combining of food and water 
intake at one time are the factors which 
must have caused the increased concen
tration of urine. The mechanisms by 
which the increased concentration was ac
complished are not known. The work of 
Ames and Van Dyke (10) indicates that 
the more concentrated urine of kangaroo 
rats is produced with a higher concentra
tion of antidiuretic hormone than is ob
served in laboratory rats. However, Rad
ford (6 ) did not find that laboratory rats 
produced urine as concentrated as the 
urine obtained in this study when he ad
ministered exogenous pitressin.

The treatment means for insensible 
water losses expressed in grams per day 
are shown in table 2. The reductions of 
this water loss which occurred with water 
restriction illustrate that mechanisms to 
accomplish this water saving are present 
in non-desert animals not adapted to high 
temperature or low water environments.

Since insensible water loss represents a 
heat loss to the animal, a reduction of 
this loss must be accompanied either by 
a reduction in heat production or by an 
increase in heat loss by means other than 
water evaporation. The data obtained with 
these rats are not adeqaute to show which 
of these alternatives was operative. Heat 
production can be estimated from the 0 2 
uptake. 0 2 uptake, CO. production and 
respiratory quotient values are shown in 
table 5. Despite the lack of precision of 
the procedure used for the calculation of 
0 2 consumption, a small but significant re

duction with decreased water intake is 
shown. Heat production, estimated from 
the mean 0 2 uptake and respiratory quo
tient values, indicates a reduction at the 
lowest water intake similar in magnitude 
to the reduction calculated from the dif
ference in mean insensible water loss 
multiplied by the heat of vaporization. If 
heat production were reduced, a reduction 
in food intake would be expected, provided 
body weight and composition remained 
constant. Food intake appears to have 
been greatest with the lowest water intake 
as shown by the figures for metabolic 
water (calculated from dry matter intake) 
in table 2. Only very small changes in 
body weight occurred and statistical anal
ysis of these changes did not show any 
differences with treatments.

Insensible water loss has been related to 
0 2 consumption by Schmidt-Nielsen and 
Schmidt-Nielsen (1 ) and it is assumed 
that a relatively constant relationship ex
ists. However, Hudson (8 ) points out that 
this relationship changes with the environ
mental temperature. The treatment means 
for insensible water loss related to both 
0 2 uptake and C02 production are pre
sented in table 6. When water was re
stricted these rats did not maintain a con
stant relationship between evaporative 
water loss and either 0 2 uptake or C02 
production, even though the environ
mental temperature was constant.

The absence of symptoms of stress or 
disease in the rats when water was most 
severely restricted led to the trial wherein 
5 rats were given the ration containing 
only 28.1% water. The mean values for

T A B L E  5

0 2 uptake, CO2 production and respiratory quotient of rats as affected by water restriction

Dietary H20, %

O2 uptake, liters/day 1-2 

C02 production, liters/day *'4>5

Respiratory quotient6

61.5

7.68

7.08

48.3 38.7

7.63 7.28 ±0.150 3

7.35 7.64 ±0.121

0.94 0.97 1.03±0.017

1 S ig n ific a n t  e f fe c t  o f  tr e a tm e n t, P  <  0 .05 .
2 T h e  s ta t is t ica l  test f o r  d i f fe r e n c e s  a m o n g  m e a n s  re v e a le d  n o  s ig n if ic a n t  d iffe r e n c e .
3  S E .

4 R e s id u a l  e ffe c ts  re m o v e d .
5 M e a n s  n o t  u n d e rs c o r e d  b y  th e  sa m e  s in g le  l in e  d i f fe r  s ig n if ic a n t ly  ( P  <  0 .0 5 ) .
6 M e a n s  n o t  u n d e rs c o r e d  b y  th e  sa m e  d o u b le  l in e  d i f fe r  s ig n if ic a n t lv  ( P < 0 . 0 1 ) ;  0 .9 7  <  1 .03
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T A B L E  6

Insensible water loss as affected by water restriction

Dietary water, % 61.5 48.3 38.7
Insensible water loss

g/liter O21 1.49 1.29 1.16±0.021 2
g/liter CO21 1.58 1.33 1.13 ±  0.023

1 Means within line differ significantly (P <  0.01).
2 SE.

T A B L E  7

Water intake and output and osmotic pressure of urine of rats fed 
0.4 g water/g of dry matter 1

Water
with
diet

Metabolic
water

Urinary
water

Fecal
water

Insensible
water

Osmotic 
pressure 
of urine

9 /day B/day 9 /day 9/day 9 /day
millios-
moles/

5.5 7.5 2.9 0.3 7.8
liter
3855

1 Mean from 5 rats with 4 daily observations on each.

water intake and output as well as urinary 
osmotic pressure are shown in table 7. The 
water balances of the 2 rats fed the 61.5% 
water diet in this trial were similar to the 
balances obtained with this diet in the main 
experiment. The rats given the 28.1% 
water diet showed no signs of distress or 
disturbance to health even at this low level 
of water intake. The osmotic pressure of 
the urine was extremely high, indicating 
that the kidney of the laboratory rat has 
an even greater urine concentrating power 
than was shown in the previous experi
ment.

The water intake and output figures in
dicated that the rats remained in water 
balance even when water was most se
verely restricted. Maintenance of water 
balance was further demonstrated by the 
water content of the rat carcasses at the 
termination of the trials. Carcass water, 
as a percentage of the fat-free body, was 
found to average 72.1, 71.8, 71.1 and 71.5 
for the rats terminating with the 61.5, 
48.3, 38.7 and 28.1% water diets, respec
tively. Statistical analysis did not reveal 
any differences among these means for 
carcass water.

The restriction of drinking water to lab
oratory rats leads to a reduction in the 
food intake and weight gain of growing 
rats as shown by Crampton and Lloyd
(11). Lepkovsky et al. (12) observed that 
restriction of water reduced the food in

take of mature rats with the exception of 
a group of fat male rats. Some limited 
tests in this laboratory showed that re
striction of ad libitum water supply led to 
reduced food intake and body weight loss 
by mature female rats. In contrast with 
the results with rats, Konishi and McCay
(13) noted that the restriction of water 
did not reduce food intake of adult dogs. 
Their maximal restriction, however, ap
pears to have been at approximately 1 to 1 
water to food dry matter. Lindeborg (14) 
restricted the water intake of several spe
cies of mice and observed that all species 
lost weight. In the experiments reported 
here when the water was restricted, with 
no opportunity given to reduce food in
take, the rats maintained body weight and 
health and remained in water balance. 
The drinking water intake was restricted 
to as little as 20% of their ad libitum 
intakes for some rats. The mean total 
available water for the rats given the diet 
with 28.1% water was approximately one- 
half of what would be expected with ad 
libitum water intake. The minimal water 
requirement of laboratory rats for main
tenance therefore appears to be consider
ably less than their ad libitum intake.
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Dietary Carbohydrates and Possible Pre-lesion 
Biochemical Changes in the Aortas 
of Adult Male Rats * 1

H. F. SASSOON,2 B. CONNOR JOHNSON 2 a n d  KAREN MOSER 
Division of Nutritional Biochemistry, Department of Animal Science, 
University of Illinois, Urbana, Illinois

ABSTRACT Aortic homogenates from adult male rats were explored by biochem
ical methods for pre-lesion changes in association with high carbohydrate diets and 
with starvation-refeeding. Supporting tests included assays for certain blood lipids 
and for liver glucose 6-phosphate dehydrogenase activity. The liver data indicated 
overinduction of this enzyme by the high carbohydrate diets; the ratio of free choles
terol to phospholipids in the blocd increased during starvation and especially with a 
high glucose diet, and both of these treatments appeared to produce aortic changes. 
Reports of similar studies have not been found, and some difficulties of interpretation 
are discussed. It is suggested that this type of approach may prove fruitful in the 
search for evidence concerning nutritional contributions to the etiology o f cardio
vascular disease.

A more direct association of human 
cardiovascular disease with dietary carbo
hydrates than with fats has been suggested 
on statistical (1 ) and human experimental 
(2 ) grounds. Starvation-refeeding has 
been reported to accelerate the onset of the 
disease in man (3 ) and has been made to 
do so in pigs (4 ) and rats (5 ), although 
not reliably. These animals were refed 
high glucose diets. The development of 
frank arterial lesions may not be a pri
mary effect of diet, in that lesions must be 
preceded by biochemical changes and 
much of their histopathology may denote 
secondary changes. We have, therefore, 
started to investigate biochemical changes 
in the aortic wall in time-association with 
diet and with appropriate liver and blood 
changes, selecting first some aortic param
eters in which change has been reportedly 
associated with lesions or hypertension. 
These included a reduction of glucose 6- 
phosphate dehydrogenase (G-6-phcsphate 
dehydrogenase) activity (6 ) and increases 
of alkaline phosphatase (7 ) and of lac
tate 3; that of lactate was reportedly as
sociated with experimental hypertension, 
and that of alkaline phosphatase with hy
permicrovascularization of the vessel wall.

The results of our first exploration, de
signed to suggest areas for more exact 
study, appear significant enough to justify 
a preliminary report.

MATERIALS AND METHODS 
Forty-eight male rats of the Sprague- 

Dawley strain, which on receipt weighed 
366 ±  23 g, were caged individually, arbi
trarily divided into 3 groups of 16 and fed 
ad libitum for 2 weeks of which the last 
day was designated day zero; then 12 rats 
from each group were starved for 8 days 
(from day zero), four being killed on day
7. Eight were refed ad libitum, starting on 
day 8, and were decapitated, four 6 hours 
and four 72 hours after first refeeding. 
The 4 rats not starved were killed on day 
10. Water was continuously available. 
Composition of the diets and the feeding 
schedule are shown in table 1.

Blood was collected in heparinized tubes 
and the plasma was stored at — 15° and 
assayed for free cholesterol (8 ) and total 
phospholipids (9, 10) which were ex
pressed according to the principle in the

R e c e iv e d  f o r  p u b l ic a t io n  J u n e  6 , 1966.
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192  ( a b s t r a c t ) .
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TABLE 1
Composition o f diets

High
glucose

diet
(HG)

High
starch

diet
(S)

High
fat
diet

(HF)
% by weight % by weight % by weight

Casein 20.00 19.50 31.92
Methionine 0.50 0.50 0.82
Glucose 1 69.71 — —
Starch — 70.21 —
Corn oil 5.0 5.0 —
Vegetable fat 2 — — 59.42
Salt mix 3 4.0 4.0 6.55
Vitamin premix 3 0.50 0.50 0.82
Vitamin E succinate 3 0.10 0.10 0.16
Vitamins A and D 4 0.09 0.09 0.15
Choline chloride 0.10 0.10 0.16

Caloric values, kcal/100 g 403.6 403.6 668.7

Feeding schedule
Diets for 2 weeks

Group before day 0 and Refed diets(rat nos.) of 4 rats/ group 
during days 0 to 10

1-16 High glucose (HG) high glucose (HG)
17-32 Stock diet and sucrose 5 (CS) high starch ( S)
33^18 Stock diet5 (C ) high fat (H F)

1 Cerelose, Corn Products Company, New York, N. Y.
2 Crisco, Procter and Gamble, Inc., Cincinnati.
3 As described previously (18).
4 1500 IU of vitamin A and 100 IU of vitamin D/g of HG and S diets; 2500 and 167 IU, respec

tively, of vitamins A and D/g of HF diet.
5 A proprietary stock diet (Teklad, Inc., Monmouth, 111.) guaranteed to contain 24% crude 

protein, 4% crude fat and 6% crude fiber from listed ingredients. The stock diet and sucrose 
diet were an 80:20 mixture by weight of this and household sugar.

formula proposed by Moore and Williams
(11) for rabbits fed an atherogenic diet.

Livers were homogenized in 0.25 m
sucrose and their 105,000 X g fat-free su
pernatants were assayed for soluble pro
tein and G-6-phosphate dehydrogenase ac
tivity by methods described previously
(1 2 )  ; 6-phosphogluconate dehydrogenase 
activity was not determined separately.

Aortas were removed from the thorax, 
briefly inspected for lesions and immersed 
in ice-cold 0.25 m  sucrose. They were 
then weighed, diced and homogenized4 
for a total of 5 minutes in 2 ml fresh 
0.25 m  sucrose. The homogenate was 
washed with 2 ml of the sucrose into a
5-ml Potter-Elvehjem tube and bruised 
with a loose-fitting Teflon pestle until con
sistency was judged sufficiently even. Two
2-ml aliquots were centrifuged for 15 min
utes at 12,000 X g and (without removal) 
for 60 minutes at 105,000 X g, and the 
volume of fat-free supernatant, recovered

carefully with a syringe, was recorded (to
gether with any further additions of 0.25 
m  sucrose). The supernatant was assayed 
for protein (13), G-6-phosphate dehydro
genase (12), lactate 5 and alkaline phos
phatase (14).

In view of possibilities of initial mal
absorption of diet in the refed rats the 
following tests were performed. A 2.5-cm 
sample of jejunum was examined and the 
musculature classified by eye as thick, 
medium or thin. Distal ileal contents were 
expressed into a tared beaker, dried at 
60° and assayed for glucose, fructose and 
sucrose by a modification of methods de
scribed by Wilson (15), Loewus (16), 
Smith (17) and others. Cecal contents 
were expressed into a tared fat-extraction 
thimble, dried and weighed before and

4 Using a Sorvall micro-Omnimixer run at an esti
mated 50,000 rpm.

5 After incubation with lactic dehydrogenase, using 
a standard kit (no. 825) obtained from the Sigma 
Chemical Company, St. Louis.
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after ether extraction, in order to estimate 
their lipid content. In a pilot experiment 
(unpublished) similar tests had indicated 
malabsorption at 2 hours and slight mal
absorption at 3 hours after first refeeding.

RESULTS
The body weight and intake records are 

shown in table 2. Differences between the 
major groups were small. Although the 
jejunal musculature of the 6-hour refed 
rats was classified as thin (glucose and 
fat subgroups) or medium (starch sub
group), no significant malabsorption of 
fats or sugars at this time was indicated 
by the tests used. In the starved rats all 
distal ilea and cecums remained moder
ately full (the rest of the tract was 
empty) and the appearance of the con

tents differed according to the previous 
diet, suggesting that even after prolonged 
starvation possibilities of influence by pre
starvation diet should not be ignored. The 
lungs of these rats appeared relatively un
damaged by respiratory disease.

Weights and protein content of the 
livers are shown by groups in table 3. 
There was a significant overshoot of liver 
weight 72 hours after refeeding the high 
carbohydrate diets which was not due to 
soluble protein and did not occur after 
refeeding the high fat diet; previous data 
point towards glycogen accumulation or 
de novo synthesis in the liver (18). The 
contribution of liver-soluble protein to 
body weight was unaltered after starva
tion but was significantly increased, by 
about 30%, in all groups after refeeding;

T A B L E  2

Comparative body weights and average feed intakes

B o d y  w e ig h t , d ie ta ry  tr e a tm e n t  a n d  fe e d  in ta k e  1
(rat nos.) Day 0 Day 7 Day 8 Day 9 Day 10 Day 11

l - i Body wt, % 2 
Starved

103 80

5-8 Body wt, % 99 77 74
Refed 6 hr, HG, g 3 3

9-12 Body wt, g 98 77 75 80 83 86
Refed 72 hr, HG, g 14 19 18

13-16 Body wt 101 108 108 108 110
Fed ad lib., HG 18 22 19 22 21

17-20 Body wt 
Starved

107 79

21-24 Body wt 106 80 77
Refed 6 hr, S 7

25-28 Body wt 106 79 77 81 86 88
Refed 72 hr, S 20 22 19

29-32 Body wt 104 113 114 114 116
Fed ad lib., CS 24 25 23 25 23

33-36 Body wt 
Starved

100 72

37—10 Body wt 103 74 71
Refed 6 hr, HF 5

41-44 Body wt 98 70 67 72 75 79
Refed 72 hr, HF 15 15 14

45-48 Body wt 99 108 108 109 111
Fed ad lib., C 31 27 25 26 25

1 C o m p o s it io n  o f  d ie ts , a b b re v ia t io n s  a n d  f e e d in g  s c h e d u le  are  d e s c r ib e d  in  ta b le  1.
2 B o d y  w e ig h ts  are  e x p r e s s e d  as p e r c e n ta g e s  o f  th e  g ro u p  ( r a ts  n o s . 3 3 —3 6 )  f e d  s to c k  d ie t  ad

l lb 3 D S ts ( M r e I p r e s 5s e d )in  g ra m s , b e in g  th e  a v e ra g e  in ta k e s  f o r  th e  g ro u p s , r e s p e c t iv e ly .
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T A B L E  3

Weights of livers, and soluble protein content of livers and aortas

Group Fed ad libitum 1
Starved

Refed 6 hours Refed
(rat nos.) Diet 2 Diet 72 hours

Liver weight as percentage 3 of body weight
% % % %

1-16 HG 3.45 2.2 HG 2.35 5.47*
17-32 CS 3.5 2.1 S 2.35 4 .5 *
33-48 C 3.5 2.15 HF 2.25 3.6

Soluble protein content 5 of livers
mg/g mg/g mg/g mg/g

1-16 HG 17 28 HG 28 21
17-32 CS 18 31 S 33 22
33-48 C 18 30 HF 35 25

Total liver soluble protein as fraction of body weight (m g /100 g)
mg/100 g mg/100 g mg/100 g mg/100 g

1-16 HG 59 62 HG 66 96 6
17-32 CS 64 65 S 81 100 6
33-48 C 63 65 HF 79 91 8

Soluble protein content 7 of aortas
mg/g mg/g mg/g mg/g

1-16 HG 8.9 1.9 HG 7.0 5.6 8
17-32 CS 10.4 2.9 S 16.5 6.2«
33-48 C 7.5 3.7 HF 13.8 5.5 9
1 D ie ts  a n d  a b b re v ia t io n s  as  in  ta b le  1.
2 M e a n  v a lu e s  o f  s u b g r o u p s  o f  4  ra ts .
3 G r a m s /100  g.
4 S ig n ific a n t ly  d i ffe r e n t  f r o m  a d  l ib itu m -fe d  v a lu e  ( P  <  0 .0 1 ) .
5 B y  th e  “ 2 8 0 /2 6 0 ”  m e th o d  ( 1 3 ) .  V a lu e s  i n  th e  s ta rv e d  g ro u p s  w e re  s ig n if ic a n t ly  in c re a s e d  

( P  <  0 .0 5  o r  b e t t e r ) .
6 S ig n ific a n t ly  h ig h e r  th a n  th e  a d  l ib i t u m -fe d  v a lu e s  ( P  <  0 .01  f o r  th e  1 - 1 6  g ro u p , P  <  0 .0 5  

f o r  th e  o th e r s ) .
7 B y  a m e th o d  b a s e d  o n  th a t  o f  L o w r y  ( 1 4 ) .
8 S ig n ific a n t ly  d i ffe r e n t  f r o m  a d  l ib itu m -fe d  v a lu e  ( P  <  0 .0 2 ) .
9 D if fe r e n c e  f r o m  a d  l ib i t u m  f e d  v a lu e  n o t  s ig n if ic a n t  ( P  <  0 .1 ) .

about half of this increase had occurred 
by 6 hours except in the high glucose 
subgroup.

Liver G-6-phosphate dehydrogenase ac
tivities (table 4) showed the expected 
overshoot at 72 hours after refeeding in 
the high glucose subgroup, and the ex
pected lack of induction in the high fat 
subgroup. Ad libitum feeding of each of 
the two very different high carbohydrate 
diets was associated with 50% increases 
in activity, whether calculated upon sol
uble protein or fresh weight. Use of the 
fresh weight basis showed up some inter
esting differences, which should be com
pared with the data in table 3. Although 
the 6-hour figures show that induction by 
high glucose diet was somewhat more 
rapid than by the high starch diet (on 
either basis), the latter produced consid
erably higher activity at 72 hours on a 
fresh weight basis, which became signifi

cantly higher if that basis was modified 
by deduction of liver soluble protein. This 
point will receive discussion. Furthermore, 
on a fresh-weight basis liver G-6-phos- 
phate dehydrogenase activity in these rats 
was neither depressed by starvation nor 
enhanced by refeeding, per se (table 4, 
last horizontal line of data).

The blood lipid results (table 5) show 
significant effects of starvation, of addi
tion of sucrose to the stock diet, of refeed
ing the starch diet as opposed to the high 
fat diet, and of feeding or refeeding the 
high glucose diet, all of these effects be
ing in the direction generally regarded as 
adverse except that starvation appeared to 
relieve the highly “adverse” (P < 0.001) 
Moore-Williams ratio in the rats previ
ously fed the high glucose diet. Except 
during and immediately after starvation, 
free cholesterol was the main contributor 
to the alterations in the Moore-Williams
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T A B L E  4

Liver glucose 6-phosphate dehydrogenase activity

G ro u p  
( r a t  n o s . )

F e d  a d  l ib itu m  1 

D ie t  2

R e fe d  6  h o u rs
S ta rv e d  ------------------------------

D ie t
R e fe d  

72 h o u r s

% % % %
Based on liver soluble protein

1-16 HG 148 3±  10 4 65 ± 7 HG 68 ± 5 844 ± 9 9
17-32 CS 154 5 ± 3 9 63 ±  11 S 48 ± 6 796 ± 4 8
33-48 C 100 6± 1 0 58 ± 1 0 HF 52 ±  5 78 ±2 1

Based on liver fresh weight
1-16 HG 142 7 *±  19 101±10 HG 105 ± 9 194 8 ± 3 5

17-32 CS 152 7±2 1 108 ± 1 9 S 87 ±  8 262 8 ± 3 9
33-48 C 1009± 1 0 9 6 ±  13 HF 103 ± 3 5 109 ± 3 8
1 D ie ts  a n d  a b b re v ia t io n s  as in  ta b le  1.
2 E x p re ss e d  as p e r c e n ta g e s  o f  th e  m e a n  v a lu e s  f o r  th e  s u b g r o u p  fe d  s to ck  d ie t  a d  l ib itu m .
3 H ig h  s ig n if ic a n t ly  a b o v e  b a s a l  v a lu e  ( P  <  0 .0 0 1 ) .
4 S3?-
3 S ig n ific a n t ly  a b o v e  b a s a l  v a lu e  (P  <  0 .0 1 ) .
6 R e p re s e n ts  59 .3  u n its  ( 1 8 )  o f  G -6 -p h o sp h a te  d e h y d ro g e n a s e  a c t iv i t y /m g  s o lu b le  p ro te in .
7 S ig n ific a n t ly  a b o v e  b a s a l v a lu e  ( P  <  0 .0 2 ) .
8 P v a lu e  f o r  d i f fe r e n c e  b e tw e e n  H G  a n d  S s u b g r o u p s  <  0 .1 ; b u t  i f  th e  w e ig h t  o f  s o lu b le  p r o te in  

is  d e d u c te d  f r o m  th e  l iv e r  f r e s h  w e ig h t  a n d  th e  G -6 -p h o sp h a te  d e h y d ro g e n a s e  a c t iv ity  is  r e c a lc u la t e d  
o n  th a t  b a s is  th e  d i f fe r e n c e  b e tw e e n  th e  H G  a n d  S s u b g r o u p s  b e c o m e s  s ig n if ic a n t  ( P  <  0 .0 5 ) .

9 R e p re se n ts  1 ,0 6 3  u n its  ( 8 )  o f  G -6 -p h o sp h a te  d e h y d ro g e n a s e  a c t iv ity  p e r  g r a m  o f  l iv e r . T h e  
s ta rv e d  a n d  r e fe d  v a lu e s  f o r  th is  g ro u p  w e re  n o t  s ig n if ic a n t ly  d iffe re n t .

T A B L E  5

Plasma cholesterol and phospholipids

G rou p  
( r a t  n o s . )

F e d  a d  l ib itu m  

D i e t 1 V a lu e s  2

S ta rv e d  R e fe d  6 h o u rs

V  a lu  e s D ie t  V  a lu e  s

R e fe d  
72  h o u rs

V a lu e s

Plasma free cholesterol 3
mg/100 ml mg/100 ml mg/100 ml mg/100 ml

1-16 HG 1 6 ±  0.8 9 ±  0.5 HG 3 ±  0.5 1 1 ±  1.3
17-32 CS 7 ±  1.6 14 ±  1.7 S 9 ±  0.8 12 ±  1.3
33—48 c 7 ±  0.9 11 ±  3.1 HF 8 ±  1.3 9 ±  0.7

Plasma total phospholipids 4
mg/100 ml mg/100 ml mg/100 ml mg/100 ml

1-16 HG 129 ±  7 108 ± 1 2 HG 51 ±  1 111 ± 3 0
17-32 CS 124 ± 1 2 77 ±  35 S 80 ± 1 4 104 ±  4
33-48 C 131 ±  9 68 ±  3 HF 94 ± 1 2 124 ±  9

Moore-Williams ratio (11 ), % of value for subgroup fed stock diet ad libitum 5
% % % %

1-16 HG 234 ± 2 0 155± 14 HG 123 ± 1 7 198 ± 3 4
17-32 CS 110± 14 389 ± 8 7 S 228 ± 4 0 217 ±  26
33-48 C 100 ± 1 2 237 ± 5 6 HF 170± 16 144 ± 2 1
1 D ie ts  a n d  a b b re v ia t io n s  as in  ta b le  1.
2 M e a n  ±  sd  o f  s u b g r o u p s  o f  4  ra ts .
3 T h e  s ig n if ic a n t  ( P  <  0 .0 5  o r  b e t t e r )  vertica l  d if fe r e n c e s  a r e : ad lib itu m : H G  g r o u p  f r o m  CS a n d  C ; 

starved : H G  g ro u p  f r o m  C S ; re  fed  6 hr: H G  g ro u p  f r o m  S a n d  H F ; re  fed  72 hr: n o n e . T h e  s ig n if ic a n t  
h orizon ta l c h a n g e s  (s te p  b y  s t e p )  a re : in  group 1—1 6 : a l l  3 s tep s  ( P  <  0 .0 1  o r  b e t t e r ) ;  17—3 2 : a ll 
3 s te p s ; 33—48: n o n e .

4 T h e  s ig n if ic a n t  vertica l  d iffe r e n c e s  a re : ad lib itum : n o n e ;  starved : n o n e ;  re fed  6 h r : H G  f r o m  
H F ; re fe d  72 hrs: S f r o m  H F . T h e  s ig n if ic a n t  h orizon ta l c h a n g e s  a re : 1 -1 6 : a ll  3 s te p s ; 1 7 -3 2 : 
n o n e ;  3 3 -4 8 : b y  s ta rv a t io n  ( t h e  o th e r  2 s tep s  w e re  b a r e ly  s ig n if ic a n t  w ith  P  s  0 .0 5 , a lth o u g h  at 
72 h o u r s  th e  v a lu e s  w e re  s ig n if ic a n t ly  a b o v e  th e  s ta rv e d  v a lu e s ) .

5 T h is  is  th e  p la s m a  m o la r  r a t io  o f  f r e e  c h o le s te r o l  to  to ta l  p h o s p h o lip id s .  I n  th e  a b o v e  test
1 0 0 %  w a s  0 .0 2 6 7 . T h e  s ig n if ic a n t  vertica l  d if fe r e n c e s  a re : ad lib itum : H G  g ro u p  f r o m  CS a n d  fr o m
C ( P  <  0 .0 0 1 ) ;  starved : n o n e ;  re fed  6 hr: a ll  d i f fe r e n c e s  b a r e ly  s ig n if ic a n t  ( P s 0 . 0 5 ) ;  re fed
72 hr: CS f r o m  C. T h e  s ig n if ic a n t  h orizon ta l c h a n g e s  a r e : 1 -1 6 :  b y  s ta rv a t io n , a ls o  th e  r e fe d  6 -h r
v a lu e s  d i ffe r e d  f r o m  th e  a d  l ib i t u m -fe d  v a lu e s ;  1 7 -3 2 :  b y  s ta r v a t io n ; 3 3 -4 8 :  b y  s ta rv a t io n .
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ratio; during starvation the phospholipid 
side of the ratio appeared to contribute 
almost equally.

No aortic lesions were seen on brief 
inspection. A transient overshoot of solu
ble protein regeneration (table 3) was 
evident 6 hours after first refeeding, ex
cept in the subgroup refed the high glu
cose diet. Aortic G-6-phosphate dehydro
genase activity (table 6) was abolished 
by starvation in the high glucose group 
(no data were obtained from the other 
groups) and the pattern of activity on 
refeeding was as follows: at 6 hours there 
was an overshoot in the high fat subgroup 
and relatively slow recovery in the high 
glucose subgroup; at 72 hours the high 
fat subgroup was normalized, the starch 
subgroup was returning to normal and 
the high glucose subgroup had reached a 
level 71% (t =  2.933, n =  4; expressed

thus for later comparison) of that found 
when the diet was fed ad libitum. Alka
line phosphatase decreased in the high 
glucose subgroup fed ad libitum, increased 
in all groups after starvation and de
creased after 72 hours of refeeding, when 
levels were significantly in descending or
der of glucose, starch and fat subgroups. 
Lactate (table 6) showed a marked re
sponse to starvation in the group previ
ously fed the high glucose diet, and since 
the protein-based data given in the foot
notes to table 6 show differences from 
weight-based data similar to differences 
reported by St. Clair,1 2 3 4 5 6 artifact appears to 
be unlikely. Comparing the subgroups at 
72 hours, the order of values is suggestive 
but not significant.

6 P e r s o n a l  c o m m u n ic a t io n  b y  R . W . St. C la ir ,  J u ly  
13, 1965.

T A B L E  6

Aortic glucose 6-phosphate dehydrogenase activity, alkaline phosphatase and lactate

Group 
(rat nos.)

Fed ad libitum 1
Starved

Refed 6 hours Refed 
72 hoursDiet 2 Diet

% % % %
G-6-phosphate dehydrogenase activity,3 compared with rats fed stock diet ad libitum

1-16 HG 148 4 ± 2 6  5 0 HG 7 4 6 ±  15 106 ± 2 6
17-32 CS 192 7 8 ±6 1 __ 8 S 172 ±  25 146 ±109
3 3 ^ 8 C 100 9 10 11 ± 3 4 __ 8 HF 218 ±  89 102 ± 2 7

Alkaline phosphatase,:10 compared with rats fed stock diet ad libitum
1-16 HG 56 ” ± 1 4 230 ±  148 HG 95 ±  66 20 12± 3

17-32 CS 101 ± 4 214 ±  74 S 66 ±  2 15 13 ± 4
33^18 C 100 14 ± 8 155 ± 6 2 HF 78 ±  61 6 ± 4

Lactate,15 compared with rats fed stock diet ad libitum
1-16 HG 144 ±  71 1,777 16 ±649 HG 3,208 ” ±1,075 124 13 * ± 5 3

17-32 CS 78 ± 2 7 13 ± 7 S 358 ±  36 109 ± 4 4
33^18 C 100 19 ± 3 6 40 ± 1 3 HF 302 ±  80 62 ± 3 6

1 D ie ts  a n d  a b b re v ia t io n s  as i n  ta b le  1.
2 In  e a c h  g ro u p  th e  p e r c e n ta g e  r e fe r s  to  th e  su b g r o u p  fe d  s to c k  d ie t  a d  l ib itu m , o f  w h ic h  th e  

v a lu e s  are  g iv e n  r e s p e c t iv e ly  b e lo w .
3 B a se d  o n  f r e s h  w e ig h t  o f  a o r t ic  a liq u o t , f o r  r e a s o n s  g iv e n  in  R e su lts  a n d  D is c u s s io n  s e c t io n s .
4 D if fe r e n c e  f r o m  s to c k  d ie t  c o n t r o l  su b g r o u p  n o t  r e c k o n e d  s ig n if ic a n t  ( P  <  0 .1 ) .
5  S D .
6 S ig n ific a n t ly  ( P  <  0 .0 1 )  b e lo w  a d  l ib itu m -fe d  a c t iv ity  o f  H G  f e d  s u b g ro u p .
7 S ig n ific a n t ly  ( P  <  0 .0 5 )  a b o v e  a c t iv ity  in  su b g r o u p  f e d  s to ck  d ie t  a d  l ib itu m .
8 S a m p le s  in a d v e r te n t ly  d estro y e d .
9 G -6 -p h o sp h a te  d e h y d ro g e n a s e  a c t iv ity :  32 1  u n i t s /g  o f  a o r ta  ( 1 8 ) .

10 B a se d  o n  s o lu b le  p r o te in  c o n te n t  ( ta b le  3 )  b e c a u s e  o f  th e  r e p o r te d  a s s o c ia t io n  w it h  h y p e r m ic r o 
v a s c u la r iz a t io n  a n d  b e c a u s e  th e  p a tte rn  o f  r e su lts  c lo s e ly  r e s e m b le d  th a t  o f  s o lu b le  p r o te in  c o n te n t .

11 S ig n ific a n t ly  ( P  <  0 .0 5 )  b e lo w  v a lu e  f o r  su b g r o u p  f e d  s to ck  d ie t  a d  lib itu m .
12 S ig n ific a n t ly  ( P  <  0 .0 1 )  a b o v e  7 2 -h o u r  v a lu e  f o r  h ig h  f a t  r e fe d  s u b g ro u p .
13 S ig n ific a n t ly  ( P  <  0 .0 5 )  a b o v e  7 2 -h o u r  v a lu e  f o r  h ig h  fa t  r e fe d  su b g ro u p .
14 A lk a l in e  p h o s p h a ta s e  v a lu e :  3 6 .5  u n i t s /m g  s o lu b le  p ro te in .
15 B a se d  o n  f r e s h  w e ig h t  o f  a o r t ic  a liq u o t .
16 T h e  c o r r e s p o n d in g  m e a n  v a lu e  b a s e d  o n  s o lu b le  p r o te in  w a s  1 4 ,1 3 1 %  o f  th a t  in  th e  s u b g r o u p  

fe d  s t o c k  d ie t  a d  l ib itu m .
17 T h e  c o r r e s p o n d in g  m e a n  v a lu e  b a s e d  o n  s o lu b le  p r o te in  w a s  7 ,5 7 7 %  o f  th a t  in  th e  su b g r o u p  

f e d  s to ck  d ie t  a d  l ib itu m .
is T h e  c o r r e s p o n d in g  m e a n  v a lu e  b a s e d  o n  s o lu b le  p r o te in  w a s  2 0 0 %  o f  th a t  in  th e  s u b g ro u p  

fe d  s to c k  d ie t  a d  l ib itu m .
19 L a c ta te  v a lu e :  1 .1 2 5  /¿ m o le /g  a orta .
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DISCUSSION

Too many variables were present to 
permit firm conclusions about the data 
from any but “established” parameters in 
this experiment, a reservation to be im
plied throughout the following discussion, 
but these variables served our exploratory 
purpose.

Biochemical analysis of human arteries 
by Kirk (6 ) using somewhat similar 
methods indicated that G-6-phosphate de
hydrogenase activity in sclerotic portions 
averaged 74% (t — 4, n =  17) of that in 
healthy portions. The similar decrease ob
served in our high glucose group after 
starvation and refeeding for 72 hours was 
perhaps a coincidence. The fact that in 
the same aortas alkaline phosphatase lev
els were significantly the highest of the 
3 groups was perhaps another coincidence, 
yet in the subgroup fed high glucose ad 
libitum, G-6-phosphate dehydrogenase was 
increased and alkaline phosphatase sig
nificantly decreased. Again, this apparent 
reciprocity was most marked during star
vation, but we are unaware of any evi
dence for a true relationship. The striking 
effect of starvation on the aortic lactate of 
the group previously fed high glucose was 
similar to that produced by St. Clairs 
experimental hypertension in p igs7 and 
may thus be a somewhat unspecific reac
tion; the overshoot at 6 hours after first 
refeeding and the comparative levels at 
72 hours should also be noted. Taken as 
a whole these data suggest that the aortic 
biochemistry of adult male rats is dis
turbed both by starvation-refeeding and 
by diets high in glucose, and also that 
starvation is a major contributor to star- 
vation-refeeding stress. Starvation has 
been compared, in man, with mild dia
betes (19); the atherogenic associations 
of diabetes are well known (20), and the 
changes observed in this experiment were 
consistent with all the associations cited. 
Furthermore, the presence in the intes
tines, after prolonged starvation, of matter 
characteristic of the previous diets sup
ports the suggestion of a continuing influ
ence of those diets.

The importance of cholesterol-phospho
lipid ratios in the blood has been empha
sized by Myasnikow (21) and of free 
cholesterol levels by Leonard et al. (22);

the principle in the Moore and Williams 
formula (11) appears to improve the 
significance of data which can be recal
culated in its terms, e.g., those of Melichar
(23), and may deserve wider attention. 
In our rats an “adverse” blood lipid picture 
was associated with starvation and with 
carbohydrate-enrichment of the diet, es
pecially with glucose. An apparent anom
aly was the “relief,” during starvation, of 
rats previously fed high glucose.

The liver G-6-phosphate dehydrogenase 
activities showed the expected “overshoot” 
at 72 hours after refeeding in the carbo
hydrate refed groups and not in the group 
refed the high fat no-carbohydrate diet. 
There is evidence both for (24) and 
against (25) the necessity for fasting in 
order to induce overshoots of this order; 
in our own test of this point (table 7) 
fasting contributed significantly. That this 
G-6-phosphate dehydrogenase overactivity 
denotes glycogenolysis following a previ
ous overshoot of glycogenesis has been 
indicated (18), and a contribution of this 
pathway to hyperlipogenesis has been pro
posed (26, 27) which would appear capa
ble of accounting for the apparently 
anomalous “relief,” during starvation, of 
the “adverse” blood lipid picture in our 
high glucose-fed group. The pattern of 
refeeding-induction of liver G-6-phosphate 
dehydrogenase when starch was used dif
fered from that when glucose was used; 
the change was slower and, at 72 hours, 
greater; however, the influence of starch 
on our selected blood lipids and aortic 
biochemical changes appeared less. As 
yet we cannot account for such differ
ences. In this experiment dietary protein 
was not a limiting factor in the induction 
of G-6-phosphate dehydrogenase (cf. 18). 
There was no correlation at all between 
the changes of soluble protein and those 
of G-6-phosphate dehydrogenase, either in 
liver or in aorta, although the patterns 
were respectively consistent. There is some 
recent confirmation of this,8 in addition 
to other positive reasons for preferring to 
express enzymes regulating carbohydrate 
metabolism on a basis of liver fresh 
weight or even body weight (28). The

7 See fo o tn o te  6.
8 B e r g a m in i , E ., G . B o m b a re  a n d  C. P e lle g r in o  

19 6 5  B io c h e m . J., 9 7 :  I P  (a b s t r a c t ) .
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T A B L E  7

Liver glucose 6-phosphate dehydrogenase activity in rats transferred from high fat to high glucose
diet without intervening starvation

G-6-phosphate dehydrogenase activity 3
Group 1 First 

diet 2
Second 
diet 2 Treatment Fed ad cta7.w a libitum starved

After fed 
second diet 

24 hr
After fed 

second diet 
72 hr

i HG
Units 4/g  of liver fresh weight 

not starved 9724 ±703  5 —
2 HF HG not starved 1979 ±421  — — 5805 ±6 49
3 C HG starved — 1899 ±402 8581 ±1431 36636 ±3952

1 HG
% of activity in 

not starved
rats fed high fat diet ad libitum

49 1 ± 3 6  — —
2 HF HG not starved 100 ±  21 — — 293 ±  33
3 C HG starved — 96 ± 2 0 434 ± 7 2 1851 ±2 0 0

1 E a c h  g ro u p  c o n ta in e d  5 m a le  S p ra g u e -D a w le y  ra ts  o f  4 0 0 -5 0 0  g.
2 D ie ts  a n d  a b b re v ia t io n s  as  in  ta b le  1.
3 D e te r m in e d  b y  th e  m e th o d s  d e s c r ib e d  in  th e  tex t.
4 M c D o n a ld  a n d  J o h n so n  ( 1 8 ) .
5 S D .

movements of soluble protein are them
selves interesting (table 3) but we are 
unable to comment on their relevance to 
the present experiment.

In this experiment an attempt has been 
made to explore some possible influences 
of dietary carbohydrates on pre-lesion bio
chemical changes in the aortas of adult 
male rats, using parameters chosen arbi
trarily for their reported capacity for 
change in association with atherosclerosis 
or hypertension, and also looking for blood 
and hver changes which could support or 
fail to support aortic findings. We are 
not aware of any previous and similar 
studies. Although these data do not per
mit firm conclusions to be drawn, their 
general trend suggests that this type of 
approach may prove capable of providing 
useful evidence concerning possible die
tary contributions to the etiology of cardio
vascular disease.
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Metabolism of Radioactive Phenylalanine in Rats with 
Different Dietary Intakes of Phenylalanine * 1
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Ottawa, Ontario, Canada

ABSTRACT Diets containing large amounts of phenylalanine are used to induce 
experimental phenylketonuria in animals and a reduced dietary intake of phenylala
nine is an effective control of the mental disease. The metabolism of phenylalanine 
in rats fed these two different diets was compared with that in normal rats. Follow
ing an injection of DL-phenylalanine-3-14C, the phenylketonuric rats excreted more 
14C in the C02 and urine than normal rats. These values are even higher when 
DL-phenylalanine-l-HC was used. In both cases more 14C was excreted in the respira
tory C 02 than in the urine. Less 14C, and in particular, less radioactive tyrosine 
(derived from the injected radioactive phenylalanine), was incorporated into the 
tissue proteins of the phenylketonuric rats within the first few hours. When rats 
were maintained with a low phenylalanine diet, less 14C was lost in the C 02 and 
urine than with normal rats. The quantity of radioactivity incorporated into the 
proteins was the same as for normal rats; much less tyrosine-14C was found in 
animals receiving low phenylalanine diets.

Low phenylalanine diets are prescribed 
in the treatment of phenylketonuria, and 
high phenylalanine diets have been shown 
to be effective in the experimental induc
tion of this condition in rats and monkeys 
(1 , 2 ) . It is important, therefore, to elu
cidate the metabolism of phenylalanine in 
animals maintained with these different 
diets and to compare the results with 
those observed in normal animals.

EXPERIMENTAL
To induce experimental phenylketonu

ria, 21-day-old male albino rats of the 
Wistar strain were fed a 5%  L-phenylala- 
nine diet for one week. They were then 
transferred to a 7%  L-phenylalanine diet 
until the urine gave a positive test when 
ferric chloride or dinitrophenylhydrazine 
was added (3 ) . These high phenylalanine 
diets were prepared by mixing L-phenyl- 
alanine with a normal protein test diet.2

The phenylalanine-deficient animals were 
prepared by feeding 200-g male albino rats 
of the Wistar strain a 0 .1%  phenylalanine 
diet3 until they had lost about 25%  of their 
body weight.

The radioactive compounds used were 
DL-phenylalanine-3-14C, DL-phenylalanine- 
1-I4C and DL-tyrosine-2-14C (specific activ
ity 1 uC i/m g).4 The radioactive amino 
acids were shown to be chromatographi

cally pure, when run on the automatic 
amino acid analyzer.5 They were dissolved 
in isotonic sodium chloride and 0.5 ml 
containing 1 mg of radioactive amino acid 
was injected into the left jugular vein. 
After injection the rats were placed in 
glass metabolism cages and the respira

R e c e i v e d  f o r  p u b l i c a t i o n  M a r c h  3 1 ,  1 9 6 6 .
1 T h i s  w o r k  w a s  s u p p o r t e d  b y  t h e  N a t i o n a l  R e 

s e a r c h  C o u n c i l  o f  C a n a d a .
2 T h e  p r o t e in  t e s t  d i e t  c o n s i s t e d  o f  t h e  f o l l o w i n g : 

( i n  g r a m s /1 0 0  g  o f  d i e t )  c a s e i n ,  2 7 ;  s t a r c h ,  5 9 ;  
v e g e t a b l e  o i l ,  1 0 ;  c a l c i u m  p h o s p h a t e ,  0 .4 5 ;  c a l c i u m  
c a r b o n a t e ,  0 .2 7 ;  c a l c i u m  c i t r a t e ,  1 .2 ;  c u p r i c  s u l f a t e ,  
0 .0 0 0 3 ;  f e r r i c  a m m o n i u m  c i t r a t e ,  0 .0 6 ;  m a g n e s i u m  
c a r b o n a t e ,  0 .1 4 ;  m a g n e s i u m  s u l f a t e ,  a n h y d r o u s ,  0 .1 5 ;  
m a n g a n e s e  s u l fa t e ,  0 .0 0 0 8 ;  p o t a s s i u m  c h l o r i d e ,  0 .5 ;  
p o t a s s i u m  i o d i d e ,  0 .0 0 0 2 ;  p o t a s s i u m  p h o s p h a t e ,  d i 
b a s i c ,  0 .8 7 ;  s o d i u m  c h l o r i d e ,  0 .3 1 ;  s o d i u m  f lu o r i d e ,  
0 .0 0 2 ;  c a r o t e n e ,  0 .1 5 ;  v i t a m i n  D ,  0 .0 0 7 ;  t h i a m i n e - H C l ,  
0 .0 0 2 ;  r ib o f l a v i n ,  0 .0 0 2 ;  n i a c i n ,  0 .0 6 ;  p y r i d o x i n e - H C l ,  
0 .0 0 2 ;  C a  p a n t o t h e n a t e ,  0 .0 0 4 ;  a n d  a - t o c o p h e r o l ,  0 .0 2 2 .  
T h e  5 %  L - p h e n y la l a n i n e  w a s  p r e p a r e d  b y  m i x i n g  
5 0  g  o f  L - p h e n y la l a n i n e  a n d  9 5 0  g  o f  t h e  p r o t e i n  t e s t  
d ie t .  T h e  7 %  L - p h e n y la l a n i n e  d i e t  w a s  p r e p a r e d  b y  
m i x i n g  7 0  g  o f  L - p h e n y la l a n i n e  a n d  9 3 0  g  o f  t h e  
p r o t e in  t e s t  d ie t .

3 T h e  0 .1 %  p h e n y l a l a n i n e  d i e t  c o n s i s t e d  o f  t h e  
f o l l o w i n g :  ( i n  g r a m s /1 0 0  g  o f  d i e t )  p a n c r e a t i c  d i g e s t  
o f  c a s e i n  c o n t a i n i n g  a m i n o  a c i d s  a n d  s m a l l  p e p t i d e s  
p r o c e s s e d  t o  r e m o v e  m o s t  o f  t h e  n a t u r a l l y  o c c u r r i n g  
p h e n y l a l a n i n e ,  1 5 ;  s t a r c h ,  5 7 ;  c o m  o i l ,  1 8 ;  m o i s t u r e ,  
2 ;  D L -m e t h io n in e ,  0 .2 ;  L - t y r o s in e ,  0 .4 ;  D L -tr y p t o p h a n ,  
0 .4 ;  c a l c i u m  a s  c a l c i u m  g l u c o n a t e  a n d  c a l c i u m  h y 
d r o x i d e ,  0 .6 5 ;  i r o n  a s  i r o n  s u l fa t e ,  0 .0 1 ;  p h o s p h a t e  a s  
m o n o  a n d  d i b a s i c  p o t a s s i u m  p h o s p h a t e  0 .5 ;  m a g 
n e s i u m  a s  m a g n e s i u m  o x i d e ,  0 .1 ;  c h l o r i n e  a s  p o t a s 
s i u m  c h l o r i d e ,  0 .1 ;  a  c o m p l e t e  v i t a m i n  m i x t u r e  c o n 
s i s t i n g  o f  t h e  f o l l o w i n g  ( i n  I U / 1 0 0  g  o f  d i e t )  v i t a m i n  
A ,  1 6 5 0 ;  v i t a m i n  D , 2 6 4 ;  a n d  ( i n  m g / 1 0 0  g  o f  d i e t )  
t h i a m in e - H C l ,  0 .2 4 ;  r ib o f l a v i n ,  1 .2 ;  n i a c i n a m i d e ,  0 .5 3 ;  
p y r i d o x i n e - H C l ,  0 .4 ;  C a  p a n t o t h e n a t e ,  2 .0 ;  f o l i c  a c i d ,  
0 .0 3 ;  b i o t i n ,  0 .0 2 ;  a n d  v i t a m i n  C , 3 3 .0 .

4 T h e  r a d i o a c t i v e  a m i n o  a c i d s  w e r e  o b t a i n e d  f r o m  
C a l b i o c h e m ,  L o s  A n g e le s ,  C a l i f o r n ia .

5 A  T e c h n i c o n  A u t o m a t i c  A m i n o  A c i d  A n a l y z e r  w a s  
u s e d .

284 J. N u t r it io n , 9 0 : ’ 66
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tory C 0 2 was collected in a mixture of 
ethanolamine and ethylene glycol mono- 
ethylether ( 1 :2 )  (4 ) . Food and water 
were provided during the experimental 
period. The urine was collected under tol
uene. To study the incorporation of the 
radioactive amino acid into proteins the 
animals were decapitated, the blood was 
collected over dry potassium oxalate, and 
the organs were immediately excised. The 
proteins were obtained from the plasma 
by precipitation with an equal volume of 
10% trichloroacetic acid (T C A ). The or
gans were weighed, homogenized in cold 
water and centrifuged. The proteins in 
the clear supernatant were precipitated 
with TCA.

All radioactivity determinations were 
carried out in a liquid scintillation 
counter.6 Samples of the C 0 2 trapping so
lution or the filtered urine were added to 
15 ml of scintillation mixture prepared ac
cording to Cuppy and Crevasse (5 )  and 
Hayes and Gould (6 ) .  The protein sam
ples were dissolved in 1 ml of hydroxide 
of hyamine, bleached with hydrogen per
oxide ( 7 ) ,  diluted with 15 ml of the scin
tillation mixture (8 )  and counted to a 
probable error of 2%  . Counting efficiency 
was 4 5 % ; the results were corrected for 
hyamine quenching.

Protein samples were hydrolyzed under 
vacuum in 6 n  HC1 at 100° for 20 hours. 
Quantitative amino acid analyses were 
performed on an automatic amino acid 
analyzer.7

Urine samples (50 ug) were spotted on 
Whatman no. 4 paper (15  X 55 cm ). A 
mixture of the pure known substances 
was also spotted on the same paper strip 
which was subjected to electrophoresis for 
6 hours (300  v, 10 m a). The buffer used 
was 0.1 m  NaHCOs, pH 9.0. After identi
fication of the known markers using ultra
violet light, FeCh and ninhydrin, paper 
squares corresponding to the position of 
the unknowns were cut out and counted 
in the liquid scintillation counter.

RESULTS AND DISCUSSION

Excretion of radioactivity in 
C 0 2 and urine

Rats fed high phenylalanine diet. The 
rats were injected after they had been

fed the high phenylalanine diet for at 
least 2 weeks. Positive ferric chloride and 
dinitrophenylhydrazine tests indicated that 
phenylpyruvic acid was being excreted in 
the urine. All of the rats had large quan
tities of phenylalanine and even larger 
quantities of tyrosine in the plasma. 
Plasma samples from rats maintained 
with the high phenylalanine diet con
tained 0.30 ±  0.01 nmole of phenylala
nine and 1.66 ±  0.02 Mmole of tyrosine 
/m l. Considering only these biochemical 
criteria, these animals could be said to be 
phenylketonuric. Normal rats of the same 
age had plasma levels of 0.020 nmole of 
phenylalanine and 0.018 nmole of tyrosine 
/m l. The plasma samples were obtained 
from nonfasted rats and food was pro
vided in the metabolism cages to main
tain the high phenylalanine and tyrosine 
plasma levels during the experimental 
period. It was found that short fasting 
periods (6  hours) produced a large de
crease in the phenylalanine and tyrosine 
plasma concentration. Pair-fed rats would 
not have had phenylalanine and tyrosine 
plasma concentrations that great and 
therefore were not included in the study.

The quantity of ” C excreted in the res
piratory C 0 2 and in the urine after the 
injection of radioactive phenylalanine is 
shown in table 1. Over the entire 24-hour 
period all the values for the phenylketo
nuric rats are higher than those for the 
normal rats.

After the injection of DL-phenylalanine-
3-14C into phenylketonuric rats most of the 
values are higher than those obtained for 
normal rats. Except for the 2-hour C 0 2 
and the 6-hour urine samples, these dif
ferences are significant at P <  0.01. There 
was a lag period in the excretion of radio
activity by the phenylketonuric rats. At 
2 hours the 14C 0 2 value is the same as 
for normal rats; by 6 hours it is 3 times 
as high. This lag period may be the result 
of dilution of the injected phenylalanine- 
14C by the large quantities of phenylala
nine in the plasma of the phenylketonuric 
rats.

The high plasma level of tyrosine would 
also influence the results since DL-phenyl-

6 N u c l e a r  C h i c a g o  L i q u i d  S c i n t i l l a t i o n  C o u n t e r ,  
m o d e l  n o .  8 4 0 1 ,  s y s t e m  7 0 3 .

7 S e e  f o o t n o t e  5.
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alanine-3-14C must be transformed to 
tyrosine before any 14C 0 2 is produced (at 
the level of the Krebs cycle). The higher 
14C content of the urine is probably a 
reflection of the increased urinary excre
tion of phenylalanine, phenylpyruvic acid 
and other phenylalanine metabolites, char
acteristic of phenylketonuria. Feces were 
homogenized in water and aliquots were 
counted in the liquid scintillation counter. 
Only traces of radioactivity were detected. 
DL-Tyrosine-2-14C was also injected into 
normal and phenylketonuric rats. Most of 
the values for the phenylketonuric rats 
are higher than those obtained for normal 
rats (table 1). There was therefore an 
acceleration of the tyrosine catabolism 
under these conditions.

The 14C excretion in the C 0 2 and urine 
was also increased over that of normal 
rats when DL-phenylalanine-l-14C was in
jected. In 24 hours, 42%  of the injected 
dose was expired in the C 0 2. This 14C 0 2 
can be produced at four main sites: 1) 
when phenylalanine is converted to phe- 
nylethylamine; 2 ) during the formation of 
phenylacetic acid from phenylpyruvic 
acid; 3 ) by decarboxylation of tyrosine or 
its derivatives such as DOPA; and 4 ) after 
transformation into tyrosine, at the level 
of p-hydrcxyphenylpyruvic acid. The first 
3 sites involve straight decarboxylation of 
the aromatic compound, a process which 
is inhibited by a-methyl-DOPA (9 ) . The 
last site of 14C 0 2 production involves oxi
dative decarboxylation. When a-methyl- 
DOPA was injected one-half hour before 
the radioactive compound, there was a 
decrease of only 30%  in the 14C 0 2 after 
2 hours (table 1) and this decrease is not 
significant. That is, in the phenylketonu
ric rats more than two-thirds of the radio
active phenylalanine was still metabolized 
via the tyrosine pathway. The small quan
tities of radioactivity excreted in the urine 
also indicates that the formation of phe
nylpyruvic acid is not the main catabolic 
route.

When DL-phenylalanine-l-14C is used, it 
would be expected that less radioactivity 
would be excreted in the urine than when 
the phenylalanine is labeled on the third 
carbon; phenylethylamine, phenyllactic 
acid and phenylacetic acid, all of which are 
present in the urine, would not be radioac-
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TABLE 2
Distribution of radioactivity in urine of rats injected with radioactive phenylalanine

Group 1 Injection Duration
HPA PA

Urine fractions 2 
Tyr Phe Urea PNHa

hours % 0 f total radioactivity in urine
Normal DL-Phe-3-I4C 6 2.8 11.3 28.0 35.9 4.2 18.7Normal DL-Phe-3-14C 12 0.6 9.6 21.3 34.2 2.2 30.0Normal DL-Phe-3-1 *C 24 0.0 3.5 18.4 13.5 3.5 60.1
Normal DL-Phe-l-14C 6 3.8 7.6 31.0 41.5 8.4 0.0Normal DL-Phe-l-14C 12 5.3 4.4 22.1 22.2 46.0 0.0
Normal DL-Phe-l-14C 24 4.3 2.5 12.2 16.3 61.7 0.0
High Phe diet DL-Phe-3-,4C 6 7.9 17.2 28.3 42.5 1.5 1.2
High Phe diet DL-Phe-3-14C 12 7.6 18.9 27.1 34.5 6.6 3.2
High Phe-diet DL-Phe-3-14C 24 0.0 3.6 19.8 30.2 4.6 40.1
High Phe diet m.-Phe-l-14C 6 4.0 7.8 27.8 52.3 5.6 0.3
High Phe diet DL-Phe-1-«C 12 6.5 6.9 24.6 34.0 25.6 0.2
High Phe diet DL-Phe-l-14C 24 0.0 0.6 12.9 23.8 58.7 1.7

1 Four rats/'group, urine samples were pooled.
2HPA: p-hydroxyphenylpyruvic and p-hydroxyphenyllactic acids. PA: phenylpyruvic and phenyllactic acids 

Tyr: tyrosine. Phe: phenylalanine. PNH2: amines derived from aromatic amino acids.

tive. However, (table 1) in normal rats 
there was slightly more 14C in the urine 
when DL-phenylalanine-l-14C was used 
(table 1 ). This level was greatly elevated 
in the phenylketonuric rats. When the 
urine was separated by paper electrophore
sis at pH 9.0 several radioactive fractions 
were obtained (table 2 ) . In order of de
creasing mobility toward the cathode, the 
following fractions were identified: a frac
tion containing p-hydroxyphenylpyruvic 
acid and p-hydroxyphenyllactic acid; a 
fraction containing phenylpyruvic and 
phenyllactic acid; and tyrosine and phen
ylalanine. Moving toward the anode, urea 
and a fraction containing the amines de
rived from aromatic amino acids (PNH2) 
were identified. The distribution of radio
activity in these different fractions is 
shown in table 2. Tyrosine and phenylala
nine are the two most important radioac
tive compounds in 6- and 12-hour urine 
samples. There was a slight increase in 
phenylalanine excretion in the phenylke
tonuric rats. The keto and hydroxy acids 
were increased in the phenylketonuric rats 
but they remain minor metabolites of aro
matic amino acid catabolism. The increase 
in p-hydroxyphenyl-keto and hydroxy acids 
in the phenylketonuric rats is an indication 
that these rats were also in a state of tryo- 
syluria (10). In the urine obtained after in
jection of DL-phenylalanine-3-14C, the amine 
fraction was strongly radioactive, especially 
after 24 hours, whereas in urine obtained 
after injection of DL-phenylalanine-l-14C,

urea was strongly radioactive. Since more 
radioactive C 0 2 was produced from d l - 
phenylalanine-1 -14C, it is possible that 
some of the 14C 0 2 was used in the synthe
sis of urea. This could explain the in
creased urinary excretion of radioactivity 
when DL-phenylalanine-1 -14C was used. 
Urea was extracted and crystallized out of 
the urine of the phenylketonuric rats that 
had been injected with DL-phenylalanine-
3-14C, DL-phenylalanine-1 -14C and DL-phe- 
nylalanine-l-14C plus methyl-DOPA (1 1 ). 
The specific activity of the urea was 28, 
748 and 648 cpm, respectively. The C 0 2 
produced by oxidative decarboxylation of 
phenylalanine is more available for the 
synthesis of urea than C 0 2 produced at a 
later stage of catabolism.

Rats fed a low phenylalanine diet. 
These rats were tested only with DL-phe- 
nylalanine-3-14C. All values for the 14C 
content of the C 0 2 and urine were lower 
than those for normal rats (table 1). These 
differences became significant only at 6 
hours (P <  0 .01).

Distribution of radioactivity 
in tissue proteins

The quantities of radioactive amino acid 
which were incorporated into the proteins 
are shown in table 3. When normal rats 
were injected with DL-phenylalanine-3- 
I4C, the highest level of incorporation was 
in the pancreas proteins at the 2-hour 
period. Over the 24-hour experimental 
period, the quantity of radioactivity in the



TA
BL

E 
3

D
is

tr
ib

ut
io

n 
of

 r
ad

io
ac

tiv
ity

 i
n 

so
lu

bi
liz

ed
 t

is
su

e 
pr

ot
ei

ns
 o

f 
ra

ts
 i

nj
ec

te
d 

w
ith

 r
ad

io
ac

tiv
e 

ph
en

yl
al

an
in

e

2 8 8 CLAUDE GODIN AND GAIL DOLAN

05 r# CO CO CO p HLO LOLO
s rH PH1 Ci rH p H ci
s

+1 +1 +1 +1 +1 +1
pH 1—1 0) [> 0)A

o LO LO CD o' ciCO CO CO r> oo

Ö5 IO ci CO LO LO CO
g d PH d d co
S
1 +1 +1 +1 +1 + 1 +1LO o rH LO p H
O Ci* p H 05

p H rH p H p H Ci Ci

q rH IO
05 pH i—1 rH co
g C i rH

\ +i +1 +1 +1 +1 +1
s rH C i LO C i o co
u CO co CO d coco rH rH co

CO rH co

0) co p H CO Ci rH

g LO co rH p H co d
+1 +1 + 1 +1 II + 1

g co co CO rp CO
o t> 05 co 05 ci co05 co Ci rH

rH
05

05g
LO co CO I> lo

co rH Ci co
s +1 II +1 +1 +1 +1s o co 05 rH q&CJ ci co* CO coco co ci rH

3
Q

3 (N ^ (M ^ (N ^O Ci Ci Ci

o o O u U ÜH* S K
c o c o c o c o c o CO
CD CD CD CD <DA A r fi r fi

Ph Ph P h Pi P h Ph

hi hi f i hi f i hi
Q f i Q f i f i f i

asHO
r fi
P i

W)

T3
D
g
W>

X  X

¡■S+1 
i s  aPa äI PM S

liver proteins was rather constant. In 
brain and plasma proteins the level de
creased slowly. In the pancreas proteins 
there was a rapid decrease, whereas the 
kidney proteins showed a gradual decrease 
with time.

In rats maintained with the high phe
nylalanine diet, less radioactivity was in
corporated into the proteins of all the 
organs. The pancreas proteins, at 2 hours, 
have the highest values. The radioactivity 
of all of the proteins decreased with time.

When the rats that had been main
tained with a low phenylalanine diet were 
injected with DL-phenylalanine-3-14C, the 
level of incorporation of radioactive amino 
acids into tissue proteins was generally 
higher than that obtained in normal rats. 
However, the radioactivity in the pancreas 
and plasma proteins after 2 hours was 
slightly decreased.

These results indicate that, in rats fed 
the high phenylalanine diet, the injected 
radioactive phenylalanine was diluted by 
the excess plasma phenylalanine. There
fore, less 14C was incorporated into the 
proteins. In rats that were deprived of 
phenylalanine, the radioactive amino acid 
was used for protein synthesis slightly 
more efficiently than in normal rats.

It is known that injected radioactive 
phenylalanine is transformed into radio
active tyrosine which is also incorporated 
into protein (1 2 ) . This radioactive tyro
sine is metabolized differently from in
jected radioactive tyrosine (1 3 ) . Radio
active proteins, obtained after injection of 
radioactive phenylalanine, were hydro
lyzed and analyzed. The ratios of the 
radioactivity of the isolated tyrosine to the 
isolated phenylalanine are given in table
4. In normal rats, the ratios are compar
able to those shown for the plasma pro
teins of dogs (1 2 ) . Between 20 and 25%  
of the radioactivity in the proteins was in 
the form of tyrosine.

In phenylketonuric rats, the ratios are 
much lower (2  hours after injection). By 
24 hours, the ratios are comparable to, 
and even higher than, those for normal 
rats. This may mean that in the phenyl
ketonuric rats the rate of transformation 
of injected phenylalanine into tyrosine 
was slower than in normal rats. It is also 
possible that the rate of transformation
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TABLE 4
Ratios of radioactive tyrosine to radioactive phenylalanine

Group 1
Pancreas proteins Plasma proteins

2 hours 24 hours 2 hours 24 hours

Normal rats 0.15 2 0.22 0.28 0.29
Fed high Phe diet 0.03 0.53 0.13 0.25
Fed low Phe diet 0.08 0.67 0.09 0.38

1 Four rats/group.
2 Ratio of the total radioactivity present in the tyrosine peak to that in the phenylalanine peak. 

These peaks were obtained from a protein hydrolysate separated on the automatic amino acid 
analyzer.

was the same or faster but that the large 
quantity of nonradioactive tyrosine al
ready present, as a result of the diet, 
diluted the radioactive tyrosine. There
fore, less radioactive tyrosine was incor
porated into protein. The second assump
tion appears to be more likely. The 
higher 14C 0 2 production does not indicate 
that there was any decrease in the rate 
of the hydroxylation of phenylalanine to 
tyrosine in the phenylketonuric rats. Also, 
the ratios obtained in the phenylketonuric 
rats are much higher than those from 
phenylketonuric patients (1 1 ) . In the lat
ter case the liver phenylalanine hydrox
ylase was relatively inactive.

In the phenylalanine-deficient rats, the 
ratios are also low 2 hours after injection. 
However, by 24 hours they are greatly 
increased. This indicates that, at first, 
most of the radioactivity in the proteins 
was caused by the incorporation of adio- 
active phenylalanine. Later, a large quan
tity of radioactive tyrosine was produced 
and incorporated into proteins.

CONCLUSIONS
When rats were fed a high phenylala

nine diet for 2 weeks, high levels of phe
nylalanine and tyrosine are found in the 
plasma. Phenylpyruvic acid was excreted 
in the urine. Injection of radioactive 
phenylalanine into these rats produced a 
decrease in the incorporation, into tissue 
proteins, of radioactive phenylalanine and 
radioactive tyrosine (derived from the in
jected phenylalanine) compared with the 
results from normal rats. Therefore, more 
phenylalanine and tyrosine were catabo- 
lized, as shown by the increased radio
activity in the COz and urine. However, 
the loss of 14C via the urine was relatively

small. This indicates that the catabolism 
of phenylalanine via phenylpyruvic acid 
and its derivatives is not of major impor
tance in the phenylketonuric rats, and 
that metabolically, phenylketonuric rats 
are quite different from phenylketonuric 
humans. It also suggests that most of the 
D-phenylalanine is efficiently used by the 
rat. In rats d - and DL-phenylalanine are 
almost as satisfactory for maintaining 
maximal growth as L-phenylalanine (1 4 ) .

It would be expected that the rats main
tained with a low phenylalanine diet for 
some time would specifically require this 
amino acid. In fact, after the injection of 
phenylalanine-I4C less radioactivity was 
lost via the C 0 2 and urine than in normal 
rats and the amount of 14C incorporated 
into the tissue proteins was increased. The 
main difference, however, is that, 2 hours 
after injection, most of the radioactivity 
found in the proteins of the phenylala
nine-deficient animal was in the form of 
radioactive phenylalanine. In normal rats, 
20 to 25%  of the radioactivity was in the 
form of radioactive tyrosine. This larger 
quantity of radioactive phenylalanine, in
corporated into the proteins of the phenyl
alanine-deficient rat, is probably a reflec
tion of the great need for the essential 
amino acid for protein synthesis.
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ABSTRACT The objective of the investigation was to determine the free amino 
acids in the lower duodenum of man 1.5 hours after ingestion of food. The 4 types 
of test meals consisted of lean beef, gelatin, eggs or milk. Subjects were 5 healthy 
males 21 to 64 years of age. Molar ratios of amino acids in the doudenal contents 
were different from those derivable from hydrolysis of the test meal proteins in vitro. 
For example, after gelatin ingestion, the amount of tryptophan present was as great 
as when the complete proteins of eggs and milk were ingested. It is concluded that 
large quantities of endogenous protein enter the duodenum of man during digestion 
and are mixed with ingested protein. On hydrolysis, this protein mixture yields an 
amino acid mixture for absorption which is quite different from that provided by 
the ingested protein alone.

A decade ago, Nasset et al. (1 )  demon
strated in the dog that ingestion of dis
tinctly different test meals (egg albumin, 
zein, non-protein) yielded molar ratios of 
free amino acids in gut contents that were 
relatively constant. These results were in
terpreted to mean that large quantities of 
endogenous protein (enzymes, secretions, 
mucosal cells) entered the gut lumen and 
tended to obscure the unique amino acid 
composition of ingested protein. This type 
of amino acid homeostasis in the gut lu
men has not been demonstrated in man. 
The experiments described below were 
made to provide some data on this subject.

METHODS
The subjects were 5 healthy, postab- 

sorptive, human males aged 21, 22, 33, 39 
and 64 years. In the morning a duodenal 
tube with slotted metal tip was swallowed 
and by the usual maneuvers worked into 
the duodenum in 2 to 2.5 hours. The tip 
was usually at the ligament of Treitz or 2- 
to 3-cm distal to it, as demonstrated by 
fluoroscopic examination.

With the tube in place the test meal was 
ingested. The 4 types of test meals con
sisted of lean beef, gelatin, eggs or milk. 
Before ingestion: 200 g lean beef muscle 
(round steak) were minced and broiled; 
18 g of ossein gelatin 2 were dissolved in 
400 ml of hot water and allowed to gel; 
3 medium-size hen’s eggs were boiled for 
10 minutes; 450 ml of whole, homogen
ized milk ( 3 .5 % fat) were chilled. Water

200 ml, and salt were taken with meat and 
egg meals. These 4 types of meals were 
chosen because they are foods that are not 
uncommon in self-selected diets and they 
represent considerable variation in their 
content of amino acids. Subject O ate all 
four test meals; subject N ate three; sub
jects H and T ate two each; and subject K 
ate one. No subject ate the same test meal 
twice.

Gut contents were withdrawn by sy
ringe 1.5 hours after ingestion was com
pleted, heated at 95° for 15 minutes to in
activate enzymes and kept frozen until re
quired for analysis. Moisture was de
termined by drying to constant weight at 
115°; ash by heating at 490° in a muffle 
furnace; total N by micro-Kjeldahl; NPN  
by micro-Kjeldahl on the filtrate from pic
ric acid deproteinization (excess picrate 
removed by Bio-Rad Resin AG1 - x 8, 200- 
400 mesh, chloride form ); amino acids on 
picric acid filtrates according to Spackman 
et al. (2 ) .

RESULTS
The results of proximate analyses plus 

computation of the fraction of N repre
sented by NPN and amino acid N are 
shown in table 1. Amino acid analyses are 
shown in table 2. The accelerated analysis

R e c e i v e d  f o r  p u b l i c a t i o n  J u ly  5 , 1 9 6 6 .
1 S u p p o r t e d  i n  p a r t  b y  a  g r a n t  f r o m  t h e  N a t i o n a l  

I n s t i t u t e s  o f  H e a lt h .
2 A  g i f t  f r o m  K n o x  G e la t in e  I n c . ,  C a m d e n ,  N e w  

J e r s e y .
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T A B L E  1

Proximate analyses of gut contents obtained 1.5 hours after ingestion of test meals by fasting man

A m i n o

Moisture Solids Ash Total N NPN
NPN x 100 acid 

x 100
Total N

NPN
% % % g/100 ml contents

Beef muscle 95 .5±0 .7  1 4 .6 ±0 .7 0 .7 ±0 .05 0.45 ±0 .09 0.22 ±0 .03 49 18
Gelatin 98.2 ± 0 .2 1.8 ±  0.3 0.7 ±  0.05 0.15±0.03 0.13 ±0 .03 87 11
Egg 95.5 ±  0.7 4.6 ±  0.8 0 .7 ± 0 .10 0.36±0.03 0.13 ±  0.01 36 16
Milk 95.9 ±0 .2 4.1 ±  0.3 0 .6 ± 0 .10 0.20 ±0 .02 0.12± 0.01 60 7.5

1 M e a n  +  se o f  3  s a m p le s ,  o b t a i n e d  f r o m  d i f f e r e n t  s u b je c t s .

used for these determinations failed to 
give satisfactory results for 1 /2  cystine 
and proline. Some proline apparently was 
lost during removal of excess picrate from 
the filtrates used for amino acid analysis. 
Table 3 contains molar ratios of amino 
acids in the proteins as ingested and in 
the duodenal contents resulting from their 
ingestion.

DISCUSSION
As indicated in table 1 the duodenal 

contents were quite watery. The gelatin 
and milk meals contained at least 400 ml 
of water. This is reflected in the total N of 
the contents as compared with the con
tents derived from beef and eggs. The 
NPN values for 3 of the meals are the 
same, but for the beef meal the concen
tration is about 50%  greater probably ow
ing in part to the larger amount of total 
N ingested. Gelatin yielded the greatest 
proportion of NPN but since the amino 
acid N is relatively low it seems probable 
that peptide N was high 1.5 hours after 
the gelatin meal. However, partial diges
tion of all proteins had proceeded to a con
siderable extent even at a point in the gut 
just distal to the pancreatic ducts. Table 2 
shows that the beef meal yielded the great
est quantities of all individual amino acids 
determined, and that the total was 2 to 4 
times as great as for other meals. This is 
due in part at least to the larger mass of 
the meat meal.

In the original paper on this subject 
(1 ) ,  dealing with experiments on dogs, it 
was demonstrated that molar ratios of free 
amino acids in jejunal and ileal contents 
were relatively constant regardless of the 
test meal fed. Duodenal contents were not 
modified as much but enough to make it 
difficult if not impossible to determine,

from amino acid analyses, whether egg 
albumin, zein or a non-protein meal had 
been fed. A similar condition appears in 
man as is evident from data in table 2. 
Gelatin, e.g., contains no tryptophan but 
duodenal contents derived from gelatin in
gestion contain as much tryptophan as the 
contents derived from the other test meals. 
Looking at the data in table 2 can be con
fusing owing to the great differences in 
concentration of amino acids per 100 ml. 
A better comparison can be made as in 
table 3 where molar ratios are used.

Gelatin is given a detailed discussion 
based on table 3 because it is an incom
plete protein. Beef muscle, eggs and milk 
all yield proteins of high biological value 
and would not yield the striking results 
obtained with gelatin. It is evident, how
ever, that even the complete proteins yield 
amino acid mixtures in the duodenum 
that can be quite different from those de
rivable from hydrolysis of the proteins in 
vitro. In table 3, the data indicate that 
after gelatin ingestion the duodenal con
tents contain an amino acid mixture in 
which the molar ratios of all of the essen
tial amino acids have been increased. The 
most striking change is in tryptophan. All 
of the nonessential amino acids de
termined, except tyrosine and serine, 
moved in the opposite direction. In duo
denal contents derived from all test meals 
the molar ratios of arginine, lysine, methi
onine and phenylalanine were all in
creased and those of alanine, aspartic and 
glutamic acids were all decreased.

The amino acid pool found in the gut 
lumen during digestion is composed of 
contributions from both endogenous and 
exogenous sources. Estimates of the rela
tive magnitudes of these contributions 
were presented in a previous paper (3 )
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and it was demonstrated that the endogen
ous contributions may outweigh the ex
ogenous ones by several-fold. These ob
servations on animals have now been con
firmed in part by the present observations 
on man. It will be interesting to determine 
the amino acid composition of jejunal and 
ileal contents in man.

Judging from the data for moisture and 
total N (table 1 ), as well as amino acid 
concentrations (table 2 ) , the digestive ap
paratus may respond differently to differ
ent test meals. This is a subject that has 
not been systematically investigated. In 
acute experiments, such as those de
scribed above, any marked change in se
cretory response of the digestive glands 
might conceivably cause a marked change 
in the amount and kind of protein se
creted as enzymes and mucus. A meal 
composed of crystalline amino acids, e.g., 
would certainly exert an immediate os
motic effect, not characteristic of normal 
foods and could very well exert an atypical 
stimulatory effect on the digestive glands. 
These are problems that require further 
investigation before it is possible fully to 
evaluate responses to ingestion of single 
meals such as were used in the present 
study as well as those made up of crystal
line amino acids and other compounds 
that are normally the end products of 
digestion. It is obvious that sustained 
subsistence with a diet containing an in
complete protein or amino acid mixture 
may induce responses which may not nec
essarily be manifest after ingestion by an 
adequately nourished animal, of a single 
test meal of the same diet.
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Utilization of Environmentally Produced High Nitrogen 
Corn by Weanling Rats and Adult Humans * 1
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ABSTRACT Experiments with rats and human subjects were carried out to study 
the utilization of nitrogen from high-nitrogen com  produced by natural or artificial 
defoliation of the corn plant at various stages of development. Weight gain, food in
take and digestible nitrogen were significantly higher and food required per unit of 
gain was significantly lower for rats fed high-nitrogen corn. That the increased protein 
content of the damaged corn was not due to an increase in zein content, was demon
strated by feeding zein in combination with control corn. Nitrogen balances of 
human subjects were studied when control corn, corn defoliated at the milk stage, and 
corn defoliated at the blister stage were fed in isonitrogenous amounts. No significant 
differences were observed in response of subjects to the 3 types of diet; however, ni
trogen balance tended to be higher and urinary nitrogen lower when the milk-stage 
corn was fed. Amino acid analyses indicated that the increase in essential amino acids 
in the high-nitrogen corn was proportional to the increase in nitrogen content.

Corn is considered a poor source of diet
ary protein because of its low total protein 
content and its high content of zein, and 
because it is deficient in lysine and trypto
phan. Efforts have been made to increase 
the protein content of corn by genetic or 
environmental modification; however, in 
the early work high protein corn was 
found to have higher zein content ( 1 ) and 
a lower biological value (2 , 3 ) when com
pared with regular corn.

Hail, frost and drought cause appreci
able damage to corn annually. Damaged 
corn has been found to have a higher pro
tein content than regular (undamaged) 
corn.2 Since the nature of the increase in 
protein was unknown, it seemed worth
while to determine whether the increase 
in nitrogen content improved the quality 
of protein of the com.

Hail and frost damage may be simu
lated by physical or chemical defoliation 
of the plant at different stages of the 
growth period. In general, complete defo
liation of the plant produces com with the 
highest protein content.3

The objective of the present investiga
tion was to determine the value of high- 
nitrogen corn for support of growth in rats 
and maintenance of nitrogen balance in 
adult human subjects.

RAT STUDY
In the first study, the nutritive quality 

of various types of high-nitrogen corn was 
compared with that of control corn (un
altered) and with control corn made iso
nitrogenous with high-nitrogen corn by 
the addition of zein. Growth rate, feed in
take, feed efficiency, digestible energy, dry 
matter, and nitrogen were used as criteria 
of response.

PROCEDURE
In this study, zein was added to bring 

the nitrogen content of control corn up to 
that of the damaged com.

Crossbred Norway rats (domestic 
strain) were caged individually in a con
stan t-temperature-humidity room. The 24  
rats were divided at random into 6 groups 
of 4 rats each. Experimental rations were 
fed ad libitum.

Dietary protein was supplied by 6 types 
of corn from the same genetic stock pro
duced in 1962. Composition of the rations 
is shown in table 1. A constant percentage

R e c e i v e d  f o r  p u b l i c a t i o n  M a y  2 7 ,  1 9 6 6 .
1 P u b l i s h e d  w i t h  t h e  a p p r o v a l  o f  t h e  D i r e c t o r  a s  

P a p e r  n o .  1 9 0 4 , N e b r a s k a  A g r i c u l t u r a l  E x p e r im e n t  
S t a t io n .

2 C o l v i l l e ,  W .  L .  1 9 6 4  P e r s o n a l  c o m m u n i c a t i o n .  
N e b r .  A g r .  E x p .  S t a . ,  L i n c o l n ,  N e b r a s k a .

3 S e e  f o o t n o t e  2 .
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TABLE 1
Composition of experimental ration for rat study

%
Ground yellow corn 94.7
Salt (iodized) 0.4
Ground limestone 1.7
Monosodium phosphate 1.1
Trace mineral mix 1 0.1
Vitamin premix 2 2.0

Protein (chemical analysis) 3 variable
Calcium (calculated) 0.65
Phosphorus (calculated) 0.66

1 Percentage composition: Mn, 10.0; Fe, 10.0; Cu, 1.0; Co, 0.10; I, 0.30; Zn, 10.0 and Ca, 9.1; obtained from Calcium Carbonate Company, Quincy, Illinois.
2 Vitamin premix contributed the following per kg feed: vitamin A (vitamin A palmitate 125,000 IU/g), 5280 IU; vitamin D 2, 990 IU; vitamin B 12, 33 fig; and (in milligrams) riboflavin, 4.4; niacin, 6.6; pantothenic acid, 13.2; choline chloride, 998.8; a-tocopheryl acetate, 44.0; menadione, 2.2; thiamine• HC1, 2.2; and pyridoxine-HCl, 2.2.
3 Ration 1, 9.7% (control com); ration 2, 9.7% (control corn) plus 3.5% (zein); ration 3, 10.9% (frosted corn); ration 4, 10.9% (frosted corn) plus 2%_ (zein); ration 5, 12.0% (frosted corn); and ration 6, 12.3% (artificially defoliated com).

of com as raw cornmeal (approximately 
95%  ) was included in the ration. Since 
the types of corn varied in protein content, 
the percentage of protein from corn varied 
as follows: ration 1: 9 .7%  protein from  
control com ; ration 2 : 9 .7%  protein from 
control com plus 3 .5%  protein from zein; 
ration 3 : 10.9%  protein from com dam
aged by natural frosting at the dough 
stage; ration 4 : 10.9%  protein corn dam
aged by frost at the dough stage plus 2%  
protein from zein; ration 5: 12% protein 
from corn damaged by frost at the milk 
stage; and ration 6 : 12.3%  protein from 
corn artificially defoliated at the milk 
stage of development.

Weight gain and feed intake were re
corded weekly. The feces were collected 
twice daily and immediately frozen in 
tightly sealed plastic bags until they could 
be processed. Nitrogen content of the vari
ous types of corn as well as of the excreta 
was determined by the Kjeldahl method. 
Energy content of ration and excreta was 
determined in a bomb calorimeter. Dry- 
matter content of ration and feces was 
also determined by a modification of the 
procedure outlined by AOAC (4 ) .

RESULTS
The growth responses of rats fed the 6 

experimental rations are shown in fig
ure 1. The rats averaged 50 g at the begin

ning of the experiment. Total weight 
gains over the 36 days were: 42 g (con
trol com plus zein); 49 g (control corn); 
84 g (frost-damaged corn); 85 g (frost- 
damaged corn plus zein); 100 g (frost- 
damaged com at the milk stage); and 
106 g (artificially defoliated corn).

Data relating to daily feed intake, feed 
per gram of gain, digestible energy, di
gestible dry matter and digestible nitrogen 
are shown in table 2. Statistical compari
sons were made between rations contain
ing control com and those containing 
damaged com. Weight gain, food intake 
and digestible nitrogen were significantly 
higher (P <  0 .01 ) and food required per 
unit of gain was significantly lower 
(P <  0 .01) for rats fed damaged corn.

No differences were found between di
gestible energy and digestible dry matter 
for rats fed the 2 types of rations.

Digestible energy paralleled digestible 
dry matter, and digestible nitrogen was 
lowered by addition of zein to either con
trol (ration 1 vs. ration 2 )  or damaged 
com (ration 3 vs. ration 4 ) .

HUMAN STUDY
Because the study with rats showed that 

the increase in nitrogen content of dam
aged or defoliated corn did not result from 
an increase in zein content, microbiologi-

WEEKS

Fig. 1 Growth of rats fed control and dam
aged corn. Legend: ----------  control corn; ...........
control corn plus zein; 0 ---------- 0  dough stage
(natural); 0 ...........0  dough stage plus zein;
X ------ — X milk stage (natural); X ...........X
milk stage (artificial).
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cal analysis of amino acids in certain of 
the altered types of corn was performed. 
Essential amino acids, except tryptophan, 
were determined in control com, corn de
foliated at the milk stage and corn defoli
ated at the blister stage. The method used 
in determination of amino acids in com  
was as described by Steele (5 ) . Amino 
acid analyses indicate an overall increase 
in essential amino acid content of defoli
ated corn over that of the control corn. 
When amino acid content was calculated 
on the basis of milligrams of amino acid 
per gram of nitrogen, a fairly constant 
figure was observed among the 3 types of 
corn (table 3 ).

Since the increase in essential amino 
acids was proportional to the increase in 
total nitrogen of corn, it seemed reason
able to assume that feeding equal amounts 
of nitrogen from regular (undamaged) 
and damaged corn would result in a simi
lar response in a biological evaluation.

Accordingly, a nitrogen balance study was 
planned in which human subjects were 
fed a constant level of nitrogen from the 
various types of corn.

The study was composed of a 3-day de
pletion period, a 7-day adjustment period 
and 3 experimental periods of 5 days each, 
arranged at random.

PROCEDURE
Subjects: Six adult volunteers, de

scribed in table 4, participated as subjects. 
All were considered to be in good health. 
Meals were prepared and served in the 
metabolic unit located in the Food and 
Nutrition Building at the University of 
Nebraska. Subjects maintained their usual 
schedules as students or employees of the 
university.

Diet: During the depletion period, ni
trogen intake per subject per day averaged 
2.15 g, 1.5 g of which was provided by 
white degerminated corn and the remain-

T A B L E  2

Summary of average daily intake, feed required per gram of gain, digestible energy, 
digestible dry matter and digestible nitrogen (rat study)

R a t i o n  1 A v g  d a i l y  
f e e d  i n t a k e F e e d / g a i n D ig e s t i b l e

e n e r g y
D ig e s t i b l e
d r y  m a t t e r

D ig e s t i b l e
n i t r o g e n

9 g/ g % % %
1 9 . 0 9 (  8 . 2 5 - 1 1 . 3 9 )  2 6 . 8 4 8 5 . 4 8 5 . 3 7 9 . 8
2 9 . 0 5 (  6 . 0 5 - 1 2 . 5 3 ) 7 . 7 4 8 4 . 8 8 5 . 2 7 5 . 0
3 1 2 . 0 8 (  7 . 8 6 - 1 3 . 8 4 ) 5 . 1 9 8 4 . 7 8 5 . 5 8 4 . 2
4 1 2 . 5 8 (  6 . 4 7 - 1 6 . 9 2 ) 5 . 6 9 8 3 . 4 8 4 . 3 8 0 . 3
5 1 3 . 3 5 (  6 . 2 5 - 1 6 . 0 8 ) 4 . 9 3 8 2 . 7 8 3 . 2 8 5 . 1
6 1 3 . 2 4 ( 1 1 . 0 0 - 1 5 . 0 0 ) 4 . 5 1 8 4 . 9 8 4 . 7 8 4 . 3

1 R a t i o n  1 , c o n t r o l  c o r n ;  2 ,  c o n t r o l  c o m  p l u s  z e i n ;  3 ,  f r c s t - d a m a g e d  c o m  ( d o u g h  s t a g e ) ;  4 ,  f r o s t -  
d a m a g e d  c o m  ( d o u g h  s t a g e )  p l u s  z e i n ;  5 , f r o s t - d a m a g e d  c o r n  ( m i l k  s t a g e ) ;  6 , a r t i f i c ia l l y  d e f o l i a t e d  
c o r n  ( m i l k  s t a g e ) .  B l i s t e r  s t a g e  o c c u r s  a b o u t  1 0  d a y s  a f t e r  f e r t i l i z a t i o n  o f  t h e  o v a r y ,  a n d  k e r n e l s  
c o n s i s t  o f  c o m  e n d o s p e r m  t h a t  h a s  a  w a t e r y - b l i s t e r e d  a p p e a r a n c e .  M i l k  s t a g e  o c c u r s  a b o u t  2 0  d a y s  
a f t e r  f e r t i l i z a t i o n  o f  t h e  o v a r y ,  a n d  e n d o s p e r m  h a s  a  m i l k y  a p p e a r a n c e .  D o u g h  s t a g e  o c c u r s  a b o u t  
3 0  d a y s  a f t e r  f e r t i l i z a t i o n  o f  t h e  o v a r y ,  a n d  e n d o s p e r m  h a s  a  g e l a t in o u s  a p p e a r a n c e .

2 V a lu e s  i n  p a r e n t h e s e s  i n d i c a t e  r a n g e .

T A B L E  3

Amino acid content of control corn and corn defoliated at milk or blister stage 1

C o r n N i t r o g e n T h r e o n i n e I s o l e u c i n e L e u c i n e L y s i n e M e t h io n in e P h e n y l 
a l a n i n e V  a l in e

% m g  a m in o  a c id / g  o f  c o r n
C o n t r o l 1 . 5 2 3 . 3 1 4 . 0 3 1 3 . 2 4 3 . 4 6 1 .8 1 5 . 4 7 5 . 1 8
M i l k 1 .8 1 3 . 9 2 4 . 9 7 1 5 . 4 3 3 . 4 4 2 . 3 5 6 . 0 0 6 . 1 5
B l i s t e r 2 . 1 7 4 . 7 7 5 . 1 8 1 9 . 1 6 4 . 6 2 2 . 4 8 7 . 1 6 7 . 3 8

m g  a m in o  a c id / g  o f  n i tr o g e n
C o n t r o l 1 . 5 2 2 1 8 2 6 5 8 7 1 2 2 8 1 1 9 3 6 0 3 4 1
M i l k 1 .8 1 2 1 7 2 7 4 8 5 2 1 9 0 1 3 0 3 3 1 3 4 0
B l i s t e r 2 . 1 7 2 2 0 2 6 8 8 8 3 2 1 3 1 1 4 3 3 0 3 4 0

1 V a lu e s  b a s e d  o n  2  s e p a r a t e  m i c r o b i o l o g i c a l  a n a ly s e s  o f  e a c h  a m i n o  a c i d .  F o u r  l e v e l s  o f  s a m p l e  w e r e  
u s e d  i n  e a c h  m i c r o b i o l o g i c a l  a s s a y .  A l l  v a l u e s  w e r e  w i t h i n  5 %  o f  t h e  m e a n  v a l u e s .  S e e  f o o t n o t e  i n  t a b l e  
2  f o r  e x p l a n a t i o n  o f  t h e  m i l k  a n d  b l i s t e r  s t a g e s  o f  c o r n .
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T A B L E  4

Age, height, weight, energy intake and nationality of subjects

Subject Sex Age Body
height

Body
wt

Daily
energy
intake

Nationality

y e a r s c m k g k c a l/ k g / d a y
L M 42 180 73 45 American
M M 41 170 66 45 Chinese
N M 29 173 67 48 Korean
O M 25 170 63 54 Chinese
P M 33 173 63 49 Korean
R F 34 160 67 40 Chinese

der by low nitrogen fruits and vegetables. 
The purpose of this low nitrogen diet was 
to speed attainment of nitrogen equilib
rium with the experimental diet (6 ) .

The depletion period was followed by a
7-day adjustment period in which the male 
subjects were fed 6 g nitrogen from corn 
and the female subject, 4.5 g. The diffi
culty of ingesting 6 g of nitrogen from 
corn necessitated lowering the level of 
corn nitrogen for the female subject. Dur
ing this period subjects adjusted gradually 
to this level of nitrogen which was then 
maintained constant throughout the re
mainder of the study.

Dietary protein during experimental 
periods was derived from 3 types of corn 
from the same genetic stock grown in 
1963 (single-cross hybrid B14 X  N 6) :  con
trol corn, corn defoliated 100%  at the 
milk stage, and corn defoliated 100% at 
the blister stage of development. The 
amount of corn consumed by these sub
jects is shown in table 5. All com was fed 
in the ground form. For breakfast it was 
prepared as mush; for the noon meal, as 
corn bread; and for the evening meal, as 
corn and tomato casserole. Butter was 
added to the com to make it more pal
atable. Low protein fruits and vegetables 
were used to make the diet more accept
able. Calories were adjusted to maintain 
body weight of individual subjects by ap
propriate additions of carbonated bever
age, sugar, candy and wafers made from 
sugar, fat and starch. The diet provided 
20%  calories from fat and was calculated 
to be adequate in minerals and vitamins.

Analysis: The nitrogen content of the
corn, the basal diet, 24-hour urine samples 
and 5-day fecal composites were analyzed 
by a modification of the Kjeldahl method

(7 ) . Creatinine content of daily urine 
samples was determined (8 )  as a measure 
of the completeness of the urine collec
tions.

RESULTS
Individual and mean nitrogen balances 

for the 6 subjects in response to the 3 
types of corn are shown in table 6. Mean 
nitrogen balances were: —0.71, —0.55
and —0.19 g/day in response to diets con-

T A B L E  5

Composition of diet providing 6 g of nitrogen from 
various types of corn (human study)

Amount1

Cornmeal
g / d a y

395 2 332 3 277 4
Orange juice 80
Peaches 50
Applesauce 100
Pears 100
Tomato juice 100
Jelly 30
Butter varied 5
Extra-calorie wafers, sugar, 

candy, carbonated beverage varied 6
Mineral mix 7 
Vitamin tablet8

1 4 .5  g  o f  N  f r o m  c o r n  f o r  s u b j e c t  R .
2 C o n t r o l  c o r n .
3 D e f o l i a t e d  c o r n  ( m i l k  s t a g e ) .
4 D e f o l i a t e d  c o r n  ( b l i s t e r  s t a g e ) .
5 V a r i e d  w i t h  s u b j e c t  i n  o r d e r  t o  p r o v i d e  2 0 %  o f  

t o t a l  c a l o r i e s  f r o m  f a t .
6 A m o u n t  v a r i e d  a s  r e q u i r e d  t o  p r o v i d e  i s o c a l o r i c  

d i e t s  a t  d i f f e r e n t  l e v e l s  o f  c o r n m e a l  i n t a k e  a s  d e t e r 
m i n e d  f o r  e a c h  s u b j e c t  f o r  w e i g h t  m a i n t e n a n c e .  T h e  
e x t r a - c a lo r i e  w a f e r s  w e r e  m a d e  f r o m  c o m s t a c h ,  s u g a r ,  
b u t t e r  a n d  s a lt .

7 S a l t  m i x t u r e  m a n u f a c t u r e d  b y  N u t r i t i o n a l  B i o 
c h e m i c a l s  C o r p o r a t i o n ,  C l e v e l a n d ;  4 .3  g  s a l t  m i x t u r e  
f o r  e a c h  s u b j e c t  p r o v i d e d  C a ,  6 4 8 ;  P ,  0 .3 5 8 ;  M g ,  0 .2 3 9 ;  
F e ,  0 .0 1 8 ;  C u , 0 .0 0 2 4 ;  I ,  0 0 0 0 1 8 ;  M n ,  0 .0 0 2 4 ;  Z n ,  
0 .0 0 1 0 8 .  A d d i t i o n a l  C a  a n d  P  w a s  p r o v i d e d  b y  a  
c o m m e r c i a l  b a k i n g  p o w d e r .

8 M u l t i p l e  v i t a m i n  t a b le t s  m a n u f a c t u r e d  b y  D i v i 
s i o n  o f  M i l e s  L a b o r a t o r i e s ,  I n c . ,  E l k h a r t ,  I n d i a n a .  
E a c h  t a b l e t  p r o v i d e d :  v i t a m i n  A ,  5 0 0 0  U S P  u n i t s ;  
v i t a m i n  D ,  5 0 0  U S P  u n i t s ;  v i t a m i n  B i ,  2  m g ;  v i t a m i n  
B 2, 2 .5  m g ;  v i t a m i n  C , 5 0  m g ;  v i t a m i n  Bf>, 1 m g ;  v i t a 
m in  B 12 , 1  /ig; n i a c i n a m i d e ,  2 0  m g ;  a n d  p a n t o t h e n i c  
a c i d ,  1 m g .
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taining control corn, blister stage com and 
milk stage corn, respectively. Subject P 
was in marked negative nitrogen balance 
with all of the diets. Between-subject vari
ation in each treatment was great. Nitro
gen retention tended to be higher in re
sponse to com defoliated at the milk stage 
than to control corn (P <  0 .0 7 ).

Of the 6 subjects, 4 showed a similar 
pattern of urinary nitrogen excretion 
(table 6 ) . These 4 subjects attained the 
lowest level of urinary nitrogen excretion 
when the milk-stage corn was fed. The 
other 2 subjects (O , M ) maintained a 
constant level of urinary nitrogen with the 
2 experimental diets. Subject R, the fe
male subject, was fed a diet of lower ni
trogen content and hence had a lower 
urinary nitrogen excretion than the male 
subjects.

DISCUSSION
The nitrogen content of corn is in

creased by hail or frost damgae. This dam
age may be simulated by defoliating the 
corn plant at the blister or at the milk 
stage of development, producing a corn of 
similar nitrogen content. These modifica
tions increase the protein content between 
2 and 4 % . That the increase in protein 
content of damaged or defoliated corn is 
not caused by an increase in the zein frac
tion of the corn, was demonstrated clearly. 
The growth of rats fed high-nitrogen corn 
produced by either of these methods was 
much superior to that of rats fed regular 
(not damaged, not defoliated) corn sup
plemented with zein to provide the same 
level of nitrogen.

Other workers have observed the effect 
of naturally produced high-nitrogen com  
in which a substantial part of the nitrogen 
increase was attributed to zein. Hogan 
et al. (2 )  observed some improvement in 
growth but a lower protein efficiency in a 
rat growth study comparing high-nitrogen 
with low-nitrogen corn. Hansen and co
workers (9 )  reported that when the nitro
gen content of corn is increased, both zein 
and zein-free fractions increase, but that 
the increase in zein is more rapid than the 
increase in zein-free fractions. In the pres
ent study all of the protein added was 
from zein, whereas in naturally produced 
high-nitrogen corns zein is proportionally
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higher but does not account for the total 
increase in protein content; therefore the 
difference in results might be anticipated.

Apparently high-nitrogen corn produced 
by damage to the plant is different from  
high-nitrogen corn produced by other 
methods. Thus Flynn and others (1 )  re
ported an increase in the absolute quan
tities of tryptophan, lysine and methionine 
but a decrease in the percentage of these 
amino acids in high-nitrogen as compared 
with low-nitrogen types of corn. In the 
present study, the increase in the content 
of 7 essential amino acids was propor
tional to the total increase in nitrogen 
content when high- and low-nitrogen types 
were compared. Amino acid concentration 
per gram of nitrogen yielded almost iden
tical values for high- and low-nitrogen 
types of corn. A logical explanation of the 
difference between damaged and other 
high-nitrogen corn is that the nitrogen in
crease in the damaged com is relative 
rather than absolute and results from a 
decrease in the carbohydrate content of 
the corn. This would follow if carbohy
drate synthesis were impaired in the de
foliation of the plant; hail or frost damage 
might also arrest carbohydrate synthesis. 
In this event, the protein composition of 
damaged corn would not differ from that 
of the undamaged corn. In other types of 
high-nitrogen corn, the increase in nitro
gen is absolute and some proteins in the 
corn increase more than others.

Results of the nitrogen balance experi
ment with adult human subjects indicated 
that the low-nitrogen com compared 
favorably with high-nitrogen com pro
duced by artificial defoliation when nitro
gen intakes from the corn were main
tained constant. The obvious advantage of 
the damaged corn is the substantial re
duction in quantity of corn needed to pro
vide the same amount of nitrogen and 
amino acids. Daily amounts of corn re
quired to provide 6 g nitrogen were 395 g 
(control), 331 g (milk-stage) and 276 g 
(blister). Lack of statistical significance 
between responses of subjects to diets pro
viding the various types of corn suggests

that these types are approximately equal 
in nutritional quality, and tends to sup
port the suggestion that the protein com
position of the experimental types of corn 
is the same as that of the control corn. 
However, there is some indication that 
com having its development arrested at 
the milk stage may have been somewhat 
superior to the other types of corn tested. 
The tendency to higher nitrogen balance 
and lower urinary nitrogen observed in 
subjects fed this diet cannot be explained 
in terms of the amino acid composition of 
the com. Further studies are indicated to 
test whether a true superiority exists and 
to identify other compositional differences 
among the types of corn which may point 
to nutrient interrelationships worthy of 
study.
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Effect of Vitamin D on 65Zn Absorption, Distribution 
and Turnover in Rats * 1

W. M. BECKER a n d  W. G. HOEKSTRA
Department of Biochemistry, University of Wisconsin, Madison, Wisconsin

ABSTRACT Experiments were designed to study the effect of dietary vitamin D on 
the absorption, distribution and turnover of 65Zn in growing rats. In the first experi
ment, whole-animal retention of oral 65Zn by rats fed zinc-supplemented, but not 
zinc-deficient, diets was slightly (0.1 >  P >  0.05) increased by continuous supplementa
tion with vitamin D. Retention of injected 65Zn was not similarly enhanced, sug
gesting a possible effect on 6sZn absorption. In the second experiment 65Zn absorption 
and turnover were determined by more detailed analysis of whole-animal 65Zn reten
tion patterns, and the distribution of oral and injected 65Zn at 60 hours postadminis
tration was examined. The effect of vitamin D on uptake of oral 65Zn was most pro
nounced when the vitamin was suddenly added to the diet of previously vitamin 
D-deficient rats. At 60 hours skeletal, but not soft tissue, uptake of either oral or 
injected 65Zn was significantly increased by the supplementation of vitamin D to 
vitamin D-deficient rats. However, skeletal specific activity (%  65Zn per g) was in
creased by vitamin D only with the orally administered 65Zn. An explanation con
sistent with all data is that the increased absorption of dietary zinc attributed to 
vitamin D probably results, not from a direct effect o f the vitamin, but from a homeostatic 
response to the increased need for zinc which accompanies enhanced skeletal growth 
and calcification.

Zinc absorption and metabolism are af
fected by a number of dietary variables 
(1 ) . The antagonistic effect of calcium 
on zinc utilization noted particularly in 
swine has been shown in the rat with both 
practical (2 )  and semipurified (3 )  diets 
to be manifest primarily at the site of zinc 
absorption. Effects of dietary phosphorus 
on zinc nutrition have also been studied 
(1 , 3, 4 ).

The pronounced effect of calcium on 
zinc nutrition and the role of vitamin D 
in calcium absorption and metabolism sug
gest a possible effect of dietary vitamin D 
on zinc utilization. Published results on 
such an effect, however, are not in agree
ment. Whiting and Bezeau ( 5 ) ,  through 
use of conventional balance studies, were 
unable to show any effect of vitamin D 
on zinc metabolism in swine when the ra
tion contained 140 ppm zinc, but vitamin 
D was reported to decrease zinc absorp
tion from a practical ration containing no 
supplemental zinc. They suggested a pos
sible precipitation of zinc deficiency ow
ing to extensive use of vitamin D supple
ments. Martin and Patrick (6 )  reported 
that addition of vitamin D to the diet of 
chicks dosed orally with 65Zn increased the 
amount of 65Zn per gram of tibia when 1 %

calcium was fed, but produced the opposite 
effect when the calcium level was raised to 
1 .6 % . A positive effect of vitamin D on 
zinc metabolism in chickens was indicated 
further by the work of Kienholz et al. (7 )  
and of Worker and Migicovsky (8 ) . The 
latter workers fed a single oral dose of 
vitamin D3 to rachitic chicks and 36 hours 
later administered 65Zn either orally or by 
injection. Chicks dosed orally with vita
min D and later with 65Zn had significantly 
more 65Zn in the tibiae at 24 hours postad
ministration than did vitamin D-depleted 
chicks not dosed with vitamin D. Because 
the same response was not apparent when 
C5Zn was injected subcutaneously, it was 
concluded that vitamin D increased the 
absorption of zinc from the intestinal tract 
of the chicken and that vitamin D pro
moted absorption of many cationic ele
ments in addition to calcium. In contrast, 
Wasserman (9 )  reported that duodenal 
absorption of 65Zn in the chick was not 
enhanced by vitamin D3 under the same 
conditions used to demonstrate significant

R e c e i v e d  f o r  p u b l i c a t i o n  M a y  3 1 ,  1 9 6 6 .
i  P u b l i s h e d  w i t h  t h e  a p p r o v a l  o f  t h e  D i r e c t o r  o f  

t h e  W i s c o n s i n  A g r i c u l t u r a l  E x p e r im e n t  S t a t i o n ,  M a d i 
s o n .  S u p p o r t e d  i n  p a r t  b y  P u b l i c  H e a l t h  S e r v i c e  
R e s e a r c h  g r a n t  n o .  A M -0 5 6 0 6  f r o m  t h e  N a t i o n a l  I n s t i 
t u t e  o f  A r t h r i t i s  a n d  M e t a b o l i c  D is e a s e s .

J. N u t r it io n , 90: ’66 301
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increases due to vitamin D3 in the absorp
tion of calcium and other alkaline earth 
cations.

Studies on rats in our laboratory have 
failed to support the idea that vitamin D 
exerts a direct effect on zinc utilization. 
The experiments to be reported indicate 
that any enhancement of 65Zn absorption 
by rats supplemented with vitamin D is 
correlated closely with increased skeletal 
65Zn uptake and probably results, not from 
a direct effect of vitamin D, but from a 
homeostatic response to the increased need 
for zinc which accompanies stimulated 
skeletal calcification and growth. A pre
liminary report of this work has been pub
lished.2

MATERIALS AND METHODS
Weanling male rats of the Holtzman 

strain were used in these experiments. 
They were housed individually in either 
stainless steel or galvanized metal cages 
and were given distilled water ad libitum 
in glass water bottles. The composition of 
the basal semipurified diets, containing 
neither zinc nor vitamin D, is shown in 
table 1. These diets were supplemented as 
required with zinc as zinc oxide and vita
min D as calciferol. Rations were assayed 
for zinc content by atomic absorption spec
trophotometry 3 after dry-ashing for 24 
hours at 550°.

T A B L E  1

Composition of basal diet

Exp. 1 Exp. 2
g/kg 9/kg

Acid-hydrolyzed casein 1 180.0
Alcohol-extracted casein 2 200.0
Glucose monohydrate 3 712.7 632.7
Cellulose 4 60.0
Corn oil 55.0 55.0
Tryptophan 2.2 2.2
Mineral mixture 5 46.2 46.2
Vitamin mixture 6 3.9 3.9

1 S a l t - f r e e ,  G e n e r a l  B i o c h e m i c a l s ,  I n c . ,  C h a g r in  
F a l l s ,  O h io .

2 L a b o r a t o r y - p r e p a r e d  f r o m  c r u d e  c a s e i n .
3 C e r e lo s e ,  C o r n  P r o d u c t s  C o m p a n y ,  A r g o ,  I l l i n o i s .
4 S o lk a  F l o e ,  B r o w n  C o m p a n y ,  N e w  Y o r k .
3 P r o v i d e d  i n  g / k g  o f  d i e t :  C a C 0 3, 1 2 .1 ;  C a H P 0 4, 

0 .2 7 ;  K H 2P O 4, 1 7 .0 6 ;  N a C l ,  1 2 .5 ;  M g S 0 4, 2 .4 3 ;  
F e ( C 6 H 50 7 ) - 6 H 20 ,  0 .3 1 ;  M n S 0 4 H 20 ,  0 .0 5 8 ;  C u S 0 4, 
0 .0 5 8 ;  K I ,  0 .0 0 0 2 5 ;  a n d  ( N H 4) 6M o 7 0 24-4 H 20 , 0 .0 0 0 1 7 5 .

6 P r o v i d e d  i n  m g / k g  o f  d i e t ;  t h i a m in e  H C 1 , 5 ;  r i b o 
f l a v in ,  5 ;  n i a c i n ,  2 5 ;  C a  p a n t o t h e n a t e ,  2 0 ;  p y r i d o x i n e -  
H C 1 , 2 .5 ;  f o l i c  a c i d ,  0 .2 ;  m e n a d i o n e ,  0 .5 ;  b i o t i n ,  0 .1 ;  
v i t a m i n  B 12, 0 .0 2 ;  a s c o r b i c  a c i d ,  5 0 ;  i n o s i t o l ,  1 0 0 ;  
c h o l i n e  c h l o r i d e ,  1 4 0 0 ;  a n d  ( i n  I U / k g )  v i t a m i n  A , 
5 0 0 0 ;  a - t o c o p h e r o l ,  1 1 0 .

High specific activity 65Zn 4 was admin
istered as the zinc-glycine complex at pH 
7.4 either orally in 5 g of feed following a 
5 to 10 hour fast or by intramuscular in
jection. To determine the administered 
dose, a whole-animal gamma-scintillation 
detector 5 was used to assay each rat for 
65Zn content exactly 4 hours after the feed 
containing 65Zn was first offered or 63Zn 
was injected (losses were negligible to 
that point and diet consumption was com
plete). The rats were assayed for 65Zn at 
numerous time intervals thereafter to de
termine whole-animal 65Zn retention. The 
data, corrected for coincidence loss, back
ground radiation, radioactive decay of the 
isotope and minor fluctuations in counting 
efficiency, were expressed as a percentage 
of the initially administered dose and plot
ted on a logarithmic scale as a function of 
time. For experiment 2, the percentage 
absorption of the orally administered 65Zn 
and biological half-life of 3 resolved com
ponents of the 65Zn retention curves were 
determined as outlined by Heth and Hoek- 
stra (2 ) . A CDC 1604 computer was pro
grammed to perform all necessary calcu
lations.

Organ and tissue samples obtained by 
dissection of some of the rats after 6aZn 
administration in experiment 2 were as
sayed for 65Zn either in the whole-animal 
detector or in a well-type crystal scintillation 
counter.6 The carcasses which remained 
after dissection were also assayed for 65Zn 
and were then fed to a colony of Der- 
mestes lardarius, insects which feed on 
dead animal tissue. The insect colony con
sumed all of the soft tissue and reduced 
the rat carcasses to the skeletal systems 
within 3 to 4 days. The bones were then 
rinsed in acetone to remove any remaining 
insects, crushed and assayed for 65Zn in 
the crystal scintillation detector. By sub
tracting the 65Zn content of the skeletal 
system from that of the carcass before it 
was fed to the Dermestes colony, the 65Zn

2 A  p r e l i m i n a r y  r e p o r t  o f  t h i s  r e s e a r c h  w a s  p r e 
s e n t e d  a t  t h e  1 9 6 5  a n n u a l  m e e t in g  o f  t h e  A m e r i c a n  
S o c i e t y  o f  A n i m a l  S c i e n c e  a t  E a s t  L a n s in g ,  M i c h i g a n .

3 M o d e l  2 1 4  a t o m ic  a b s o r p t i o n  s p e c t r o p h o t o m e t e r ,  
m a n u f a c t u r e d  b y  t h e  P e r k i n - E l m e r  C o m p a n y ,  N o r 
w a lk ,  C o n n e c t i c u t .

4 T h e  r a d i o z i n c  w a s  o b t a i n e d  a s  65Z n C l 2 i n  H C 1  f r o m  
O a k  R i d g e  N a t i o n a l  L a b o r a t o r y ,  O a k  R i d g e ,  T e n n e s s e e .

5 A r m a c  s c i n t i l l a t i o n  d e t e c t o r  m o d e l  4 4 0  m a n u f a c 
t u r e d  b y  P a c k a r d  I n s t r u m e n t  C o m p a n y ,  I n c . ,  L a -  
G r a n g e ,  I l l i n o i s .

6 W e l l - t y p e  c r y s t a l  s c i n t i l l a t i o n  d e t e c t o r  m a n u f a c 
t u r e d  b y  N u c le a r - C h i c a g o ,  I n c . ,  C h i c a g o .
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content of the soft tissue was determined. 
All G5Zn measurements were corrected for 
coincidence loss, background, radioactive 
decay and difference in counting efficiency 
between the 2 instruments. The data were 
then expressed as a percentage of the 
total initial 65Zn dose.

All statistical comparisons of treatment 
means were by Student’s t test and Dun
can’s new multiple range test (1 0 ) . An 
inverse sine transformation was routinely 
applied to all percentage data, as suggested 
by Steel and Torrie (1 0 ) .

RESULTS
Experiment 1: Effect of vitamin D on 

65Zn retention. The purpose of this ex
periment was to compare the effect of vita
min D deficiency and continuous supple
mentation of vitamin D on whole-animal 
retention of oral and injected 65Zn by rats 
receiving either a zinc-deficient or a zinc- 
supplemented diet. Sixteen rats received 
the basal diet shown in table 1 with no 
source of vitamin D, and 16 additional rats 
received the same diet supplemented with 
8 0 0 0 IU vitamin D2/k g . Within each level of 
dietary vitamin D, 8 rats were fed the zinc- 
deficient (2 .0  ppm) diet and the remaining 
8 received the zinc-supplemented (20 .7  
ppm) diet. Rats were pair-fed within a 
given level of dietary zinc to eliminate any 
differences in size or growth rate from 
consideration of the effects of vitamin D 
on 65Zn retention.

After 3 weeks on experiment, 1 pCi 65Zn 
was administered by diet after a 5-hour 
fast to 4 of the rats on each dietary regi
men and by intramuscular injection to the 
remaining 4 rats. Whole-animal 65Zn meas
urements were made as described in the 
Methods section at 12 to 30-hour intervals 
until 170 hours (injected 65Zn) or 260 
hours (oral 65Zn) postadministration.

Whole-animal retention of the 63Zn is 
plotted as a function of time for the oral 
dose in figure 1 and for the injected dose 
in figure 2. The extremely tenacious re
tention of 65Zn by zinc-deficient rats has 
been pointed out previously ( 3 ) ;  this ef
fect was noted whether the 65Zn was fed or 
injected, indicating that zinc-deficient rats 
exhibit both a remarkably high absorption 
and a very slow rate of excretion of body 
zinc.

Fig. 1 Exp. 1. Effect of dietary zinc and vita
min D on whole-body retention of 65Zn-glycine 
administered by diet. Four rats/treatment group 
were fed the respective diets for 3 weeks prior to 
and 11 days after a single 65Zn administration. 
The glucose-casein hydrolysate diets contained: 
—Zn, 2 ppm Zn; +Zn , 21 ppm; —D, no vitamin 
D added to diet; +D , 8,000 IU/kg. Rats were 
pair-fed within each level of dietary zinc but not 
between zinc levels.

Fig. 2 Exp. 1. Effect of dietary zinc and 
vitamin D on whole-body retention of 65Zn-gly- 
cine injected intramuscularly. Conditions were as 
described for figure 1.

The presence of vitamin D resulted in a 
slightly increased retention of oral 65Zn at 
both levels of dietary zinc. This effect was 
not statistically significant in either case, 
although it approached significance (P <  
0 .1 ) for the adequate zinc diet. Since the 
small difference in 65Zn retention between 
the 2 levels of dietary vitamin D appeared 
by 50 hours postadministration and re
mained essentially constant thereafter, it 
was probably the result of a difference in 
the amount of the original dose initially 
absorbed. This conclusion is supported by 
the lack of effect of vitamin D on the rate 
of turnover of injected 65Zn (fig. 2 ) at 
either level of dietary zinc. This experi
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ment has been repeated both with and 
without pair-feeding; in each case, a slight 
increase in retention of the orally admin
istered 65Zn dose by the vitamin D- sup
plemented rats was noted, but in no case 
was the difference statistically significant.

Experiment 2: Effect of vitamin D sup
plementation on the absorption, distribu
tion and turnover of 65Zn. This experi
ment was designed to study the effects of 
sudden supplementation of vitamin D to 
vitamin D-deficient rats and to obtain data 
for the rat more directly comparable to 
those reported for chicks by Worker and 
Migicovsky (8 ) . Studies on vitamin A 
were included for comparison to the effects 
of vitamin D.

One hundred and sixty weanling rats 
were assigned at random to 5 treatment 
groups of 32 animals each. The composi
tion of the control diet fed to treatment 
group 5 is that shown in table 1, but it 
contained in addition 10,000 IU vitamin 
Dz/kg by calculation and 26.3 ppm zinc 
by analysis. For the other treatment 
groups, vitamin D was omitted in treat
ments 1 and 2 and vitamin A was omitted 
in treatments 3 and 4. Feed was supplied 
ad libitum.

After the animals had been fed the ex
perimental diets for 21 days, rats in treat
ment 2 ( —D ) received 2000 IU vitamin 
Dz and those in treatment 4 ( —A ) received 
1000 IU vitamin A. In each case the vita
min was administered orally in 5 g of feed 
following a 10-hour fast. Thereafter, treat
ment groups 2 and 4 were fed the non
deficient control diet ad libitum. Rats in 
treatment groups 1 and 3 were fed the 
original deficient diets ( —D and —A, re
spectively) thoughout the experiment. 
Thirty-six hours after vitamin supplemen
tation to groups 2 and 4, 1 pCi of 65Zn was 
administered to each animal on experi
ment. Of the 32 rats in each treatment 
group, 20 received the 65Zn orally in 5 g 
of feed following a 10-hour fast and the 
remaining 12 rats received the 65Zn by 
intramuscular injection. More rats were 
given the isotope orally than by injection 
because of the greater variation which is 
encountered in retention of 65Zn admin
istered by the oral route. The initial ad
ministered dose was measured as described 
in the Methods section.

All rats were assayed for 65Zn content 
5 times during the 60 hours after the ini
tial measurement. At 60 hours, 10 of the 
20 rats in each group which had received 
65Zn orally and 6 of the 12 that had re
ceived 65Zn by injection were killed and 
dissected. The liver, kidneys, pelt, gastro
intestinal tract and contents and remain
ing carcasses were weighed and assayed 
for 65Zn content, after which the carcasses 
were fed to the Dermestes colony to obtain 
the skeletal systems, which were similarly 
weighed and analyzed for 65Zn. Rats not 
killed at 60 hours were assayed for 65Zn at 
18 separate time-intervals between 60 and 
612 hours postadministration.

As shown in figure 3, the response to 
vitamin supplementation was rapid; with
in several days the rats given the supple
ments (treatment groups 2 and 4 ) weighed 
almost as much as the controls (group 5)  
and were growing at a significantly faster 
rate than the deficient animals (groups 1 
and 3 ) . The vitamin D-deficient rats con
tinued to grow slowly throughout the 
course of the experiment, but those defi
cient in vitamin A reached a growth pla
teau and began losing weight at about 4 
weeks with the experimental diets. Most 
of the rats in treatment group 3 died of 
vitamin A deficiency before 612 hours 
postadministration of 65Zn.

Fig. 3 Exp. 2. Growth of rats (5 treatment 
groups of 32 rats each) fed a glucose-casein diet 
with and without vitamins A and D. Treatments 
were: —A, vitamin A omitted from diet through
out experiment; —D, vitamin D omitted from 
diet throughout experiment; +A + D , correspond
ing groups with respective deficiency corrected at 
21 days and a group fed vitamin A (5,000 IU/kg 
diet) and vitamin D (10,000 IU/kg diet) through
out experiment.
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Data obtained by resolving the whole- 
animal 65Zn retention curves and deter
mining the percentage of 85Zn absorption 
as described previously (2 )  are shown in 
table 2. Mean absorption of dietary 65Zn 
was lower in this experiment than values 
reported previously for a similar semipuri- 
fied diet ( 3 ) ;  this difference was shown 
to result primarily from the replacement 
in the diet of casein hydrolysate with 
alcohol-extracted casein and to the inclu
sion of 6%  cellulose 7 as a source of die
tary bulk. Within the present experiment, 
however, none of the treatment means for 
65Zn absorption differed significantly from  
the others. The slightly increased absorp
tion attributed in experiment 1 to contin
ual supplementation with vitamin D was 
not noted in the corresponding comparison 
in the present data (treatment groups 5 vs. 
1). However, rats in treatment groups 3 
and 4, which received vitamin D continu
ously in the diet but were vitamin A-defi- 
cient for all or part of the experiment did 
absorb somewhat more 65Zn than the vita
min D-deficient rats in group 1. In this 
respect, the absorption data for treatments 
3 and 4 may be more representative of the 
type of response usually observed in a 
comparison of long-term vitamin D sup
plementation and deficiency than the cor
responding value for treatment 5. The 
vitamin D-deficient rats in group 2, which

had been given the vitamin D supplement 
36 hours before 65Zn administration, ab
sorbed somewhat more 65Zn than the vita
min D-deficient rats in group 1 that re
ceived no supplement. However, like the 
effect of continuous vitamin D supple
mentation observed in experiment 1, this 
difference only approached significance 
(P <  0 .1 ).

Supplementation of vitamin A  to rats 
deficient in that vitamin did not enhance 
85Zn absorption. If anything, the effect of 
the vitamin A was to lower 65Zn absorp
tion, although the difference was not sig
nificant (P >  0 .1 ).

Table 2 also shows the mean biological 
half-life for the first components of the 
resolved 85Zn retention curves; these val
ues reflect the rate of passage of ingested 
65Zn through the gastrointestinal tract. 
None of these means was significantly dif
ferent from the others. The biological half- 
life of 2 further segments of the 85Zn 
retention curves (table 2 ) represents turn
over of absorbed or injected 85Zn. No sig
nificant difference in biological half-life of 
the 108- to 324-hour component was noted 
between any of the groups for a given 
route of 65Zn administration. This is in 
agreement with the results shown in fig
ure 2. For the 372- to 612-hour compo
nent, the biological half-life of injected 
65Zn was significantly (P <  0 .05) shorter

7 S o lk a  F l o e ,  B r o w n  C o m p a n y ,  N e w  Y o r k .

T A B L E  2
Effects of vitamins A and D on the absorption and turnover of 65Zn

M e t h o d  o f  65Z n  
a d m i n i s t r a t i o n

B i o l o g i c a l  h a l f - l i f e  o f  65Z n

T r e a t m e n t 1 65Z n
a b s o r p t i o n F ir s t

c o m p o n e n t  
( 0 - 6 0  h r )

S e c o n d  
c o m p o n e n t  

( 1 0 8 - 3 2 4  h r )

T h i r d  
c o m p o n e n t  

( 3 7 2 - 6 1 2  h r )

1 (  — D ) o r a l
i n j e c t i o n

%
13.4 ± 1 .2  2

h o u rs
1 2 .5 ± 0.9 2

h o u rs  
435 ± 2 3  2 
502±  16

h o u rs  
826 ± 4 4  2 
914 ± 3 6

2 (  —  D ,  t h e n  + D ) o r a l
i n j e c t i o n

19.8±3.1 11,6 ±  1.0 466 ± 1 6  
453 ±2 1

1153 ± 4 2  
1019±49

3 (  —  A ) o r a l
i n j e c t i o n

19.0 ±  1.8 10.1 ± 1 .0 437 ±  17 
541 ± 2 4

u n d e t e r m i n e d  3 
u n d e t e r m i n e d  3

4 (  —  A ,  t h e n  - f  A ) o r a l
i n j e c t i o n

17.2± 1.8 13.5 ±  1.8 447 ± 3 0  
541 ± 2 4

u n d e t e r m i n e d  3 
u n d e t e r m i n e d  3

5 (  +  D ,  +  A ) o r a l
i n j e c t i o n

13.4 ± 2 .2 9.9 ±0 .8 480 ± 2 7  
484 ±  26

1063 ±3 1  
989 ± 1 7

i  ( — D )  a n d  ( +  D )  
v i t a m in  A .

i n d i c a t e  w i t h o u t a n d  w i t h  v i t a m in D ;  ( — A )  a n d ( + A )  i n d i c a t e w i t h o u t  a n d  w i t h

2 T r e a t m e n t  m e a n s  ±  s e . .
3 D a t a  f o r  3 7 2 - 6 1 2  h o u r  c o m p o n e n t  o f  w h o l e - a n i m a l  r e t e n t i o n  c u r v e  f o r  t r e a t m e n t s  3  a n d  4  n o t  d e t e r m in e d  

d u e  t o  d e a t h  o f  m o s t  o f  t h e  v i t a m i n  A - d e f i c i e n t  a n i m a l s  b e f o r e  6 0 0  h o u r s  p o s t a d m i n i s t r a t i o n .
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than that of the absorbed isotope for rats 
given the vitamin D supplement, but not 
for vitamin D-deficient rats. In addition, 
rats that received the vitamin D supple
ment had a longer 65Zn biological half-life 
than vitamin D-deficient rats for the oral 
dose (P <  0 .0 1 ), but for the injected dose, 
the difference was not significant. These 
observations suggest that more of the 65Zn 
absorbed by vitamin D-supplemented rats 
was turning over less rapidly than that ab
sorbed by vitamin D-deficient rats and may 
therefore have been in bone.

The distribution of 65Zn in rats at 60 
hours postadministration is presented in 
table 3. Supplementation of vitamin A to 
rats deficient in that vitamin had no sig
nificant effect on the amount of either oral 
or injected 65Zn present in any of the body 
components analyzed.

Although the effect of vitamin D on the 
absorption of 65Zn as determined by anal
ysis of whole-animal retention curves 
(table 2 ) was not significant, the data in 
table 3 indicate that, at 60 hours postad
ministration, the vitamin D-supplemented

T A B L E  3

Effects of vitamins A and D on the distribution of 65Zn at 60 hours postadministration

Sample Treatment1
Portion of total initial 65Zn present 

in sample at 60 hours postadministration
Oral Injected 
65Zn 65Zn
% %

Whole animal i ( - D ) 19.2 ± 2 .8  2 83.0 ± 0 .5  2
2 ( — D, then + D ) 16.2 ±1 .5 78.0 ±2 .1
3 ( —A) 16.3 ± 1 .6 79.4 ± 1 .2
4 ( — A, then + A ) 18.0 ±1 .5 81.7 ± 1 .0

Gastrointestinal tract
5 ( + D , +  A ) 17.5 ±1 .6 81.0 ± 1 .3

and contents 1 ( - D ) 9.1 ±1 .8 12.2 ±0 .8
2 ( — D, then + D ) 3.7 ±0 .5 11.7 ± 0 .7
3 ( —A ) 5.0 ± 0 .9 10.4 ± 0 .5
4 ( —A, then +  A ) 6.3 ±0 .9 11.2 ± 0 .7
5 ( + D , +  A ) 4.8 ±0 .6 9.8 ± 0 .3

Liver 1 ( - D ) 1.2 ± 0 .2 6.5 ± 0 .3
2 ( —D, then + D ) 1.2 ± 0 .2 5.8 ± 0 .2
3 ( —A ) 1.2 ±0 .2 5.7 ± 0 .2
4 ( — A, then +  A ) 1.4 ±0 .1 6.3 ± 0 .3
5 ( +  D, + A ) 1.5 ±0 .2 6.6 ± 0 .2

Kidneys 1 ( - D ) 0.22 ±0 .02 0.97 ±0.04
2 ( — D, then + D ) 0.22 ±0 .02 0 .90± 0.05
3 ( - A ) 0.25 ±0.03 1.11 ±0.04
4 ( — A, then +  A) 0.21 ±0.03 1.15 ±  0.06
5 ( + D ,  + A ) 0.26 ±0.03 1.20 ±0.03

Pelt (skin and hair) 1 ( —D) 1.6 ±0 .2 12.3 ± 1 .7
2 ( — D, then + D ) 1.7 ±0 .1 8.4 ±0 .4
3 ( — A) 1.8 ±0 .2 9.9 ±0 .8
4 ( — A, then +  A ) 1.6 ±0 .2 10.3 ± 0 .6
5 ( + D ,  + A ) 1.9 ±0 .3 9.8 ±0 .6

Other soft tissues 1 ( - D ) 4.8 ±0 .1 33.4 ± 0 .7
2 ( — D, then + D ) 4.6 ±0 .4 27.6 ± 0 .8
3 ( — A) 4.6 ±0 .6 31.6 ±1 .3
4 ( —A, then +  A ) 4.8 ±0 .4 32.2 ± 1 .5
5 ( + D ,  + A ) 5.7 ±0 .7 34.9 ±1 .1

Skeleton 1 ( - D ) 1.9 ± 0 .2 14.8 ± 0 .7
2 ( —D, then + D ) 3.9 ±0 .3 19.8 ±0 .6
3 ( — A) 3.1 ±0 .3 16.6 ±0 .6
4 ( — A, then +  A ) 3.0 ± 0 .2 16.1 ±0 .9
5 ( + D ,  +  A) 3.0 ± 0 .3 15.7 ±0 .4

1 (— D) and ( + D )  indicate 
and with vitamin A.

without and with vitamin D; ( — A) and ( + A) indicate without
2 T r e a t m e n t  m e a n s  ±  s e .
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rats had a significantly smaller fraction of 
the initial oral 65Zn dose remaining in the 
digestive tract than the unsupplemented 
vitamin D-deficient rats of group 1. This 
effect was greatest ( P < 0 . 0 1 )  when the 
vitamin D supplement was suddenly given 
to previously vitamin D-deficient rats 
(group 2 ) , but was also significant (P <  
0.05) for the rats which had been con
tinuously fed vitamin D (groups 3, 4 and
5).

Vitamin D supplementation also resulted 
in an increased incorporation of oral 65Zn 
into the skeleton. Again, the effect was 
most marked (P <  0 .001) following sup
plementation of vitamin D to previously 
deficient rats, but was also noted (P <  
0 .01) in the case of continuous vitamin D 
supplementation. The extent of increased 
deposition of oral 65Zn in the skeleton ap
peared to be correlated with the removal 
of 63Zn from the digestive tract.

Vitamin D had no significant effect on 
the amount of oral 65Zn found at 60 hours 
postingestion in liver, kidneys, pelt or other 
soft tissues. Also, it was found earlier 8 
that vitamin D had no significant effect on 
soft-tissue zinc concentrations in rats fed 
the same type of semipurified diet and re
ceiving various levels of dietary zinc.

The effects of vitamin D on zinc metab
olism may relate entirely to the stimula
tion by vitamin D of bone growth and cal
cification. This effect is readily observed 
by comparing treatment groups 1 and 2 in 
table 4. The average weight of the skeletal 
system (rats given 65Zn orally and by in
jection combined) was 4.4 g for the vita
min D-supplemented vs. 3.6 g for the 
vitamin D-deficient rats ( P < 0 . 0 1 ) ,  indi

cating that about 20%  of the total weight 
of the skeletal system was deposited by 
the vitamin D-supplemented rats during 
the 96 hours from vitamin supplementa
tion to killing. Enhanced skeletal uptake 
of 65Zn was measured during the final 60 
hours of this 96-hour period. In view of 
the relatively high zinc content of the 
skeleton, it is probably not unexpected 
that animals responding to vitamin D sup
plementation absorbed more of an orally 
administered dose of 65Zn than did D-de
ficient rats. Supplementation with vitamin 
A did not stimulate skeletal growth dur
ing the interval studied (5 .3  g for treat
ment group 3 vs. 4.9 g for treatment group 
4; P >  0.1)  and, as noted above, had no 
significant effect on uptake of dietary 65Zn.

Unlike the results reported for chicks 
by Worker and Migicovsky (8 ) ,  an effect 
(P <  0 .001) of supplemental vitamin D on 
skeletal 65Zn was also observed (table 3 )  
when the isotope was injected intramus
cularly, although the relative difference 
was less than in the case of the orally ad
ministered 65Zn. The vitamin D-supple
mented rats had a correspondingly smaller 
fraction of the injected dose present in the 
pelt (P <  0 .05) and in the soft tissue (P <  
0.001) than unsupplemented vitamin D- 
deficient rats. Liver and kidney showed a 
similar effect to other soft tissues, but the 
differences were not statistically signifi
cant. A likely explanation for the differ
ence between the present results and those 
reported by Worker and Migicovsky (8 )  is 
that in the latter case only 24 hours were 
allowed between 65Zn injection and killing

8 B ecker, W . M  , and  W . G. H oekstra, un pub lished  
data.

TABLE 4
Effects of vitamins A and D on skeletal weight and skeletal 65Zn

O r a l  65Z n I n t r a m u s c u l a r  65Z n

T r e a t m e n t 1 W t  o f  
s k e l e t o n  2

S p e c i f i c  
a c t iv i t y  3

W t  o f  
s k e l e t o n  2

S p e c i f i c  
a c t i v i t y  3

1 ( —D)
9

3.7 ±  0.2 4
%/g

0.53 ±0 .05  4
9

3 .5 ± 0.2 4
%/g

4.3 ± 0 .2  4
2 ( — D, then - f D) 4 .4±0.1 0.89 ±0.08 4.6 ± 0 .2 4.4 ±0 .3
3 ( — A ) 5.5 ±0 .2 0.57 ±  0.05 4.9 ±  0.2 3.4 ±0 .1
4 ( — A, then + A ) 4.8 ±0 .2 0.63 ±0.04 5.0 ±0 .2 3.2±0.1
5 ( +  D, +  A ) 4.7 ±0 .1 0.65 ±0.06 4.8 ± 0 .2 3.2 ±0 .1

1 ( — D )  and  ( + D )  in d ica te  w ithout and  w ith  v ita m in  D ; ( — A )  and  ( + A )  in d ica te  w ithout 
and w ith  v ita m in  A.

2 Separated from  soft tissues by  Dermestes lardarius (see  te x t).
3 Percentage o f  total in itia l 63Z n /g  o f  skeleton at 60 hou rs postadm in istration .
4 T reatm ent m eans ±  se.
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and that this was insufficient time for sig
nificant skeletal growth compared with 60 
hours in the present study. When skeletal 
65Zn content was expressed as specific ac
tivity (percentage of total initial 65Z n /g  
skeleton, table 4 ) to correct for differences 
in total skeletal size, there was no effect on 
injected 65Zn of supplementing vitamin D 
to vitamin D-deficient rats. For the orally 
administered 65Zn, however, increased skel
etal uptake by the vitamin D-supplemented 
rats far exceeded the difference in skeletal 
size, such that a large difference (P <  
0.001) also existed in specific activity of 
the bone between the vitamin D-deficient 
and vitamin D-supplemented rats. This is 
further verification that an increased 65Zn 
absorption occurred following vitamin D 
supplementation of vitamin D-deficient 
rats. When the label was in the small pool 
of zinc in the gut, an increased absorption 
would substantially increase the specific 
activity of the circulating zinc pool supply
ing zinc for bone growth and calcification. 
In contrast, when the much larger body 
zinc pools were labeled (as by injection) 
such increased absorption of stable zinc 
would have little effect on the specific ac
tivities of the circulating zinc pool and 
thus of bone zinc. In fact, the increased 
absorption of stable zinc would have de
creased somewhat the specific activity of 
the circulating zinc pool, such that despite 
the stimulation of bone growth due to the 
added vitamin D, no difference was ob
served in the deposition of 65Zn per unit 
weight of bone in the presence or absence 
of vitamin D.

DISCUSSION
The results of these experiments indicate 

that the uptake of oral 65Zn by rats is en
hanced slightly in the presence of adequate 
vitamin D and that this effect is more 
noticeable when the vitamin D supplement 
is suddenly given to rats previously defi
cient in vitamin D. Even in the latter 
case, however, there was no significant in
crease in 65Zn content of soft tissues, and 
in other experiments, dietary vitamin D, 
whether deficient, adequate or excessive, 
had little or no effect in alleviating or ag
gravating the zinc-deficiency syndrome in 
rats 9 or swine.10

The effect of vitamin D on 65Zn absorp
tion in the experiments reported here was 
closely correlated with an increased deposi
tion of 65Zn in the skeleton. The role of 
zinc in bone is not clearly defined, but 
bone is known to contain relatively high 
amounts of zinc. Work by Haumont (1 1 )  
and by Haumont and Vincent ( 1 2 )  sug
gests that zinc is localized at the boundary 
between mineralized bone and preosseous 
substance and is deposited exactly at the 
time when calcification begins. When sup
plemental vitamin D stimulates bone cal
cification and thereby increases the need 
for zinc in bone, it seems logical that the 
additional zinc required is drawn from cir
culating body pools and that these in turn 
are replenished by an enhanced absorption 
of dietary zinc from the intestinal tract.

Such an indirect effect of vitamin D on 
zinc absorption is supported by the ob
served correlation between skeletal growth, 
skeletal uptake of 65Zn and absorption of 
dietary 65Zn. Rats continually supple
mented with vitamin D (in exp. 1 and in 
treatments 3, 4 and 5 of exp. 2 ) retained 
slightly more oral 65Zn than vitamin D-de
ficient rats and had deposited a larger pro
portion of 65Zn in the skeletal system by 
60 hours postingestion. A more pro
nounced effect of vitamin D on zinc absorp
tion was noted when the vitamin was ad
ministered to previously deficient animals 
(in exp. 2 ) and was closely correlated with 
a sudden increase in skeletal growth and 
a much greater uptake of 65Zn by bone 
than was observed for either the vitamin 
D-deficient or continuously supplemented 
rats.

It appears reasonable, therefore, to con
clude that the increase in uptake of 65Zn 
by skeletal tissue when vitamin D-deficient 
animals are treated with vitamin D is due 
to stimulation of bone growth and calcifi
cation by the vitamin and that the in
creased absorption of dietary zinc attri
buted to the vitamin is a homeostatic 
response to the increased need for zinc 
which results. Such an explanation would 
not be in disagreement with the results of 
Worker and Migicovsky (8 )  nor with the 
results of Wasserman ( 9 ) .  Moreover,

9 S e e  f o o t n o t e  8 .
10 R o b e r t s ,  H . F . ,  W .  G . H o e k s t r a  a n d  R .  H . G r u m -  

m e r  1 9 6 1  V i t a m i n  D ,  z i n c  a n d  c a l c i u m  i n  s w i n e  
n u t r i t i o n .  J. A n i m a l  S c i . ,  2 0 :  9 5 0  ( a b s t r a c t ) .
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Cotzias et al. ( 1 3 )  have demonstrated 
that a homeostatic mechanism controlling 
zinc absorption does indeed exist.
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Effect of Altering the Dietary Cation-Anion Ratio on
Food Consumption and Growth of Young Chicks

ABSTRACT Eight-day-old chicks were used in a series of 3 experiments to study 
the effects of adding acid, base or a combination of these to an amino acid-com- 
starch diet. The cation-anion ratio of the diet was reduced from 1.2 to 0.6 by adding 
increasing levels of L-glutamic acid hydrochloride and was increased from 1.2 to 2.4 
with sodium or potassium carbonates or a combination of the two. Food consumption 
and weight gain were maximized when the ratio was in the range of 1.2 to 1.8. A 
ratio of 0.6 nearly completely inhibited growth. Sodium and potassium chlorides did 
not reduce food consumption or weight gain when added to the basal diet in equiva
lents equal to the highest level of hydrochloride. Excess calcium did not alleviate the 
growth depression due to excess chloride, whereas magnesium partially overcame the 
depression. The response of chicks to diets with ratios of greater than 1.8 depended 
upon the cation added. A combination of sodium and potassium was not detrimental 
but either cation alone reduced weight gain. It was found that the chick pos
sesses kidney glutaminase I activity, but the activity of the enzyme did not increase 
when dietary acidity was increased.

The growth response of chicks consum
ing diets containing essential minerals at 
optimal or superoptimal levels of require
ments has been demonstrated to vary 
widely with different experimental condi
tions. Leach et al. (1 )  have reported that 
excess dietary sulfate depressed the growth 
of chicks. Nesheim et al. (2 )  likewise 
have reported that excess chloride was 
deleterious to the chick. The latter work
ers reported no depression in growth when 
sodium and potassium were added to the 
diets in amounts to equal the equivalents 
of added anion. Correll (3 )  and Scott et 
al. (4 )  have reported that excess dietary 
sodium was toxic to chicks when the so
dium was added to the diet as the salt of 
a metabolizable anion. The present study 
was an attempt to define conditions in 
which chloride, sodium and potassium 
cause a depression in the growth of young 
chicks.

METHODS

Eight-day-old chicks, from the mating 
of New Hampshire males to Colum
bian females, were allotted to treat
ments in a manner to assure uniform
ity of initial weight. Mean initial weights 
were 76, 77 and 76 g for experiments 1, 2 
and 3, respectively. Male chicks were used 
in experiments 1 and 3, females in experi

ment 2. The sequence of feeding and fast
ing prior to and at the termination of each 
experiment was identical to that described 
by Dean and Scott (5 ) .  Duplicate groups 
of 10 chicks each per treatment were 
housed in electrically heated brooders and 
received the experimental diets for a 
period of 6 days. Tap water was provided 
ad libitum. Individual initial and final 
weights and replicate food consumption 
were measured.

The composition of the basal diet is 
shown in table 1. The anion content of 
the diet was increased by substituting l- 
glutamic acid hydrochloride for L-glutamic 
acid on an equal molar basis (treatments 
2 -6 )  in the amino acid mixture. Calcium 
chloride dihydrate, magnesium chloride 
hexahydrate and sodium chloride plus po
tassium chloride (treatments 7, 8 and 9, 
respectively) were added to the diet in 
quantities to equal the chloride provided 
by the highest level of glutamic acid hy
drochloride (treatment 6 ) . The cation 
content of the diet was increased by adding 
sodium carbonate and potassium carbo- * 1 2

R e c e i v e d  f o r  p u b l i c a t i o n  J u n e  3 , 1 9 6 6 .
1 P r e s e n t  a d d r e s s :  I n s t i t u t e  o f  A g r i c u l t u r e ,  D e p a r t 

m e n t  o f  A n i m a l  H u s b a n d r y ,  St. P a u l ,  M in n e s o t a .
2 T h i s  p a p e r  r e p r e s e n t s  p a r t  o f  a  t h e s i s  s u b m i t t e d  

b y  t h e  s e n i o r  a u t h o r  i n  p a r t i a l  f u l f i l l m e n t  o f  t h e  
r e q u i r e m e n t s  f o r  t h e  d e g r e e  o f  D o c t o r  o f  P h i l o s o p h y  
i n  A n i m a l  S c i e n c e  i n  t h e  G r a d u a t e  C o l l e g e  o f  t h e  
U n iv e r s i t y  o f  I l l i n o i s .

310 J. N u t r it io n , 9 0 : ’ 66
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T A B L E  1

Composition of basal chick diet

Cornstarch
%

55.96
Amino acid mixture 1 19.48
Corn oil 15.00
Mineral mixture 2 5.36
Cellulose 1 2 3 3.00
NaHCOs 1.00
Choline chloride 0.20
Vitamin mixture 4 +
a-Tocopheryl acetate 5 +
Antioxidant6 +

'Z i m m e r m a n  a n d  S c o t t  ( 7 ) ,  m i x t u r e  B ;  p r o v i d e d  
t h e  f o l l o w i n g  p e r  10 0  g  o f  d i e t :  ( i n  g r a m s )  L -a r g i -  
n i n e - H C l ,  1 .2 1 ;  L - h i s t id in e  H C l  H 20 ,  0 .4 1 ;  n - ly s i n e - H C l ,  
1 .1 9 ;  L - t y r o s in e ,  0 .4 5 ;  L - t r y p t o p h a n ,  0 .1 5 ;  L -p h e n y l-  
a l a n i n e ,  0 .5 0 ;  D L -m e t h io n in e ,  0 .3 5 ;  r - c y s t i n e ,  0 .3 5 ;  
L - t h r e o n in e ,  0 .6 5 ;  r - l e u c i n e ,  1 .2 0 ;  L - i s o l e u c i n e ,  0 .8 0 ;  
L -v a l in e ,  0 .8 2 ;  g l y c i n e ,  1 .2 0 ; L - p r o l in e ,  0 .2 0 ; a n d  
n - g l u t a m ic  a c i d ,  1 0 .0 0 .

2 Z i m m e r m a n  a n d  S c o t t  ( 7 ) ;  p r o v i d e d  t h e  f o l l o w i n g  
p e r  1 0 0  g  o f  d i e t :  ( i n  g r a m s )  C a 3 (PC>4) 2, 2 .8 0 ;  CaCC>3, 
0 .3 0 ;  K 2H P O 4, 0 .9 0 ;  N a C l ,  0 .8 8 ;  M g S 0 4- 7 H 20 ,  0 .3 5 ;  
M n S O i -H o O ,  0 .0 6 5 ;  f e r r i c  c i t r a t e ,  0 .0 5 0 ;  ZnC C >3, 0 .0 1 0 ;  
K I ,  0 .0 0 4 ;  C u S 0 . r 5 H 20 ,  0 .0 0 2 ;  H 3B O 3, 0 .0 0 0 9 ;  N a 2M o 0 4, 
0 .0 0 0 9 ;  a n d  C o S O .r 7 H 20 ,  0 .0 0 0 1 .

3 S o lk a  F l o e ,  B r o w n  C o m p a n y ,  B o s t o n ,  M a s s a c h u 
s e tts .

4 K la i n  e t  a l .  ( 8 ) ,  l e s s  a - t o c o p h e r y l  a c e t a t e .
5 2 0  m g / k g  d ie t .
6 S a n t o q u in ,  1 2 5  m g / k g  d i e t ;  M o n s a n t o  C o m p a n y ,  

S t. L o u is .

nate, either alone (treatments 10 -15 , 1 6 -  
21) or in an equimolar combination (treat
ments 2 2 -2 7 )  to the basal diet. All min
eral additions replaced equal quantities of 
starch.

The relative levels of dietary inorganic 
acids and bases may be expressed as the 
cation-anion ratio. The number of phys
iological milliequivalents of calcium mag
nesium, sodium and potassium constitute 
the cation and phosphate, chloride and sul

fate constitute the anion. The assumptions 
made in the calculation were (a ) 75%  of 
the dietary calcium was absorbed result
ing in either retention or urinary excre
tion and that amount apparently unab
sorbed was of no physiological importance 
(i.e., 1.5 physiological equivalents/mole 
of calcium); (b) 100%  of the dietary phos
phorus was physiologically important and 
was equal to 1.75 equivalents of anion/ 
mole at pH 7.4; and (c )  100%  of the 
dietary magnesium, sodium, potassium, 
chloride and sulfate were physiologically 
important (i.e., magnesium and sulfate 
contributed 2 equivalents/mole, and so
dium, potassium and chloride one equiva
lent/m ole). The calculated cation-anion 
ratio of the basal diet used in these experi
ments was approximately 1.2

/  8 5  m E q  c a t i o n / 1 0 0  g  d i e t  \ #
V 7 0  m E q  a n i o n / 10 0  g  d i e t  /

At the termination of experiment 1, two 
chicks from each replicate were decapi
tated, the kidneys were removed, frozen 
immediately on dry ice and stored in a 
freezer maintained at — 15°. Kidney glu- 
taminase I activity was determined by a 
modification of the procedure described by 
Goldstein ( 6 ) .  A kidney was homogenized 
in 19 volumes of ice-cold 0 .9% saline with 
a Potter-Elvehjem homogenizer. Two- 
tenths milliliter of homogenate was in
cubated for 20 minutes at 37° with 0.5 
ml of 0.05 M  Tris buffer pH 8.0, 0.2 ml 
of 0.5 m  phosphate buffer pH 8.0 and 0.1 
ml of 0.1 m  L-glutamine. The reaction

T A B L E  2

Effects of hydrochloride and chloride salts on food consumption and growth

Exp.
no.

Treatment
no.

Dietary
additive

Chloride * 
added

Cation 2 
anion

Diet
consumed/ 
chick/day

Gain/day

1,2,3 i none 3
%

1.2
9

18.0
9

11.5±0 .2  4
1 2 H C l5 0.28 1.1 16.5 10.6±0.3
1 3 HC1 0.55 1.0 16.3 9.72=0.2
1 4 HCl 0.89 0.9 14.4 7.02=0.3
1 5 HCl 1.31 0.8 11.9 5.2 ±0 .3

1,3 6 HCl 2.41 0.6 6.8 1.1 ±  0.2
1 7 CaCl2-2H>0 2.41 8.3 2.1 ±0 .3
3 8 MgCl2-6H20 2.41 13.2 6.3 ± 0 .2
3 9 NaCl +  K Cl6 2.41 16.9 10.9 ±0 .4
1 B a s a l  d i e t  c o n t a i n e d  1 .0 4 7 %  c h l o r i d e .
2 M i l l i e q u i v a l e n t s  o f  p h y s i o l o g i c a l  c a t i o n : m E q  p h y s i o l o g i c a l  a n i o n / u n i t  o f  d ie t .
3 B a s a l  d ie t .
4 M e a n  +  s e  o f  2 0  c h i c k s / t r e a t m e n t / e x p e r i m e n t .
5 A d d e d  a s  L - g l u t a m ic  a c i d  h y d r o c h l o r i d e  a n d  r e p l a c e d  e q u a l  m o l e s  o f  L - g l u t a m ic  a c i d  i n  t h e  

a m i n o  a c i d  m ix t u r e .
6 S o d i u m  c h l o r i d e  a n d  p o t a s s i u m  c h l o r i d e  a d d e d  i n  e q u a l  m o l a r  q u a n t i t i e s .
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was stopped by the addition of 0.2 ml of 
30%  trichloroacetic acid to the incubation 
mixture. Ammonia was measured by mi
crodiffusion and nesslerization. Glutamine 
and homogenate blanks were included in 
each series of samples.

RESULTS
Effects of excess anions. The food con

sumption and growth data are presented 
in table 2. As the average daily gains of the 
chicks receiving the basal diet (treatment 
1) were not significantly different between 
experiments, the data from the 3 experi
ments were combined. Food consumption 
and weight gain were depressed when the 
chloride content of the diet was increased 
without increasing the cation content 
(treatments 2 -6 ) .  A cation-anion ratio of
1.0 (treatment 3 ) depressed weight gain 
compared with the basal. As the level of 
hydrochloride was increased, food con
sumption and weight gain were depressed to 
the point where the chloride of diet 6 near
ly completely inhibited growth. Diets 7, 8 
and 9 contained chloride equal to diet 6. 
Chloride per se was not detrimental to the 
chick when fed as the sodium and potas
sium salts (treatment 9 ) . Calcium chlo
ride (treatment 7 ) depressed weight gain 
and food consumption to nearly the same 
extent as hydrochloride. This indicates 
either a preferential absorption of chloride 
or absorption of both and different routes 
of excretion, namely, calcium via intestine 
and chloride via kidney. Magnesium chlo
ride (treatment 8 ) depressed weight gain 
and food consumption less than an equal 
number of equivalents of hydrochloride 
(treatment 6 ) . Both criteria for treatment 
8 were nearly equal to those for treatment 
4 with a dietary cation-anion ratio of 0.9. 
The percentage of the added magnesium 
which served as a physiologically active 
cation was calculated. The anion content 
of the diet was known and the weight 
gains of chicks receiving the hydrochlo
ride diets were used as a standard curve. 
The cation-anion ratio of the magnesium 
chloride treatment was then extrapolated 
from the standard curve. The difference 
between the calculated cation content of 
diets 8 and 1 (basal diet) was the milli- 
equivalents of magnesium which served 
as a physiological cation. The portion of

the added magnesium which was physio
logically active was calculated to be 5 0 % .  
A similar percentage of excess magnesium 
excretion via the kidneys of rats receiving 
magnesium chloride has been observed in 
our laboratory (unpublished data).

Glutaminase I activity was detected in 
chick kidneys. The specific activities are 
shown in table 3. There was no signifi
cant trend toward increased activity with 
increased acidity of the diet. This is in 
contrast with the rat (9 , 10) and sheep 
(unpublished data). The role of kidney 
glutaminase enzymes in animals is the 
formation of ammonium ion for associa
tion with excreted excess anions when in
sufficient amounts of inorganic cations are 
provided in the diet. The physiological 
importance of chick kidney glutaminase 
remains to be established.

Effects of excess cations. The results 
of adding sodium, potassium or a com
bination of the two, as the carbonates, to 
the basal diet of the chick are shown in 
table 4. The highest levels of added so
dium (treatments 14 and 15) reduced food 
consumption and weight gain. Excess so
dium appeared to be slightly toxic as evi
denced by the death of a total of 5 chicks 
in treatments 13 -15 . On an equal equiva
lents basis, excess potassium tended to 
depress weight gains more than sodium. 
Although potassium-supplemented diets ap
peared to support a slower rate of gain 
than sodium, the carcass dry matter gain 
may not have been different. The chicks 
receiving the excessive levels of sodium 
exhibited edema, which may have been

T A B L E  3

Kidney glutaminase I activity of chicks consuming 
diets varied in chloride content

T r e a t m e n t 1 
n o .

D ie t a r y
a d d i t i v e

C a t i o n
a n i o n

S p e c i f i c  
a c t i v i t y  2

1 n o n e  3 1 .2 0 . 9 7 ± 0 . 0 8 4
2 H C 1 5 1 .1 0 . 7 3  ± 0 . 1 3
3 H C 1 1 .0 0 . 9 8  ± 0 . 1 3
4 H C 1 0 . 9 0 . 8 7  ±  0 . 1 2
5 H C 1 0 . 8 1 . 5 1  ± 0 . 1 3
6 H C 1 0 . 6 1 . 0 3 ± 0 . 1 9
7 C a C l 2 - 2 H 20  6 1 . 0 5  ± 0 . 3 3

1 S a m e  a s  i n  t a b le  2 .
2 S p e c i f i c  a c t iv i t y  e x p r e s s e d  a s  m g  N H 3-N /I O O  m g  

d r y  k i d n e y / 'h o u r .
3 B a s a l  d ie t .
4 M e a n  +  s e  o f  4  c h i c k s .
3 A d d e d  a s  n - g l u t a m ic  a c i d  h y d r o c h l o r i d e .
6 P r o v i d e d  c h l o r i d e  e q u a l  t o  t r e a t m e n t  6 .
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TABLE 4
Effects of excess dietary sodium, potassium or the combination on food 

consumption and growth

Exp.
no.

Treatment
no.

Dietary
additive

Cation i 
anion

Diet
consumed/ 
chick/day Gain/day

1,2,3 i none 2 1.2
9

18.0
9

11.5±0 .2  3
2 10 N a 4( 0.297) 5 1.4 18.1 12.4 ± 0 .4
2 11 Na (0.638) 1.6 17.5 11.5±0.3
2 12 Na (0.972) 1.8 17.3 12.0 ± 0 .4
2 13 Na (1.311) 2.0 16.4(1) 6 10.9 ± 0 .4  7
2 14 Na (1.649) 2.2 14.1(3) 8 9.4 ±0 .3  7
2 15 Na (1.988) 2.4 14.5(1) 8 9.1 ± 0 .5  7
2 16 K 4(0.477) 8 1.4 17.7 11.4±0.3
2 17 K (1.017) 1.6 17.2 11.0±0.5
2 18 K (1.560) 1.8 17.6 10.9 ±0 .3
2 19 K (2.104) 2.0 16.1 9.5 ±0 .4
2 20 K (2.647) 2.2 15.6 9.0 ± 0 .3
2 21 K (3.191) 2.4 13.1 7.1 ± 0 .3
3 22 Na +  K 4-9(0.155, 0.239) 10 1.4 17.6 11.6±0.4
3 23 Na +  K (0.330,0.508) 1.6 16.9 10.3± 0.4
3 24 Na +  K (0.506,0.780) 1.8 18.0 11.7 ± 0 .4
3 25 Na +  K (0.683, 1.052) 2.0 17.9 11.7±0.3
3 26 Na +  K (0.860,1.323) 2.2 17.1 10.9 ±0 .4
3 27 Na +  K (1.036,1.596) 2.4 17.2 11.3±0.3

1 M i l l i e q u i v a l e n t s  o f  p h y s i o l o g i c a l  c a t i o n  :m E q  p h y s i o l o g i c a l  a n i o n / n n i t  o f  d ie t .
2 B a s a l  d ie t .
3 M e a n  ±  s e  o f  2 0  c h i c k s / t r e a t m e n t / e x p e r i m e n t .
4 A d d e d  a s  t h e  c a r b o n a t e .
5 %  s o d i u m  a d d e d  t o  t h e  b a s a l  d i e t  w h i c h  c o n t a i n e d  0 . 6 2 3 % .
6 N u m b e r  o f  c h i c k s  t h a t  d i e d  d u r i n g  e x p e r i m e n t a l  p e r i o d ;  f o o d  c o n s u m p t i o n  a d ju s t e d .
7 M e a n  o f  l i v e  c h i c k s  a t  t h e  t e r m i n a t i o n  o f  t h e  e x p e r i m e n t .
8 %  p o t a s s i u m  a d d e d  t o  t h e  b a s a l  d i e t  w h i c h  c o n t a i n e d  0  4 0 3 % .
9 A d d e d  i n  e q u a l  m o l a r  q u a n t i t i e s .

10 %  s o d i u m  a n d  p o t a s s i u m  a d d e d ,  r e s p e c t iv e l y .

the cause for their apparent higher rate of 
gain. Cation-anion ratios from 1.2 through
1.8 did not depress food consumption or 
weight gain when either sodium or potas
sium was added to the diet. A combina
tion of equal equivalents of sodium and 
potassium (treatments 22—2 7 ) added to 
the basal diet to provide cation-anion 
ratios equal to either the sodium- or potas
sium-supplemented diets did not depress 
food consumption and weight gain at any 
of the ratios through 2.4. It thus appears 
that chicks are capable of handling rela
tively large excesses of dietary cation, pro
viding there is not a preponderance of 
either sodium or potassium.

The chicks receiving the highest levels 
of sodium carbonate exhibited symptoms 
similar to those of chicks receiving a 0.9%  
sodium chloride solution as drinking water 
as reported by Selye (1 1 ) .  The symptoms 
included diarrhea, muscular weakness, 
gasping respiration, distended abdominal

cavity and large pale kidneys. Either 
edema or “salt effect” was observed in the 
5 chicks that died. The latter symptom 
was characterized by a white pericardium, 
urates about leg joints and kidneys, and 
a white granular substance covering the 
serosal side of the intestine. Scott et al.
(4 )  observed similar symptoms in chicks 
receiving a diet containing 4%  trisodium 
citrate. Unpublished data from our labora
tory indicate that sodium citrate is no 
more toxic than sodium carbonate.

DISCUSSION
Nesheim and co-workers (2 )  reported 

that sodium and potassium were effective 
in rendering excess chloride innocuous in 
the chick, whereas calcium and magne
sium were ineffective. Calcium, magne
sium, sodium and potassium alleviated a 
growth depression of rabbits receiving a 
hay diet (1 2 ) .  O’Dell et al. (1 3 )  reported
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that the same cations restored growth of 
guinea pigs receiving excess monobasic 
sodium phosphate. When the dietary an
ion is phosphate, the role of sodium and 
potassium is undoubtedly one of neutrali
zation of the excess anion in the kidney 
tubule. It is more likely that calcium and 
magnesium act primarily by reducing the 
amount of phosphate absorbed, as sug
gested by Forbes and Keith (14) .

When the excess dietary anion is chlo
ride or sulfate, sodium, potassium and to 
some extent magnesium function in the 
kidney as a neutralizer. Calcium is inef
fective in preventing acidosis probably be
cause of the limited capacity of kidneys to 
excrete calcium or the inability of the in
testine to absorb excess calcium.

The response of the chick to a given 
quantity of acid added to a diet can be 
predicted based upon the cation-anion 
ratio of the basal diet. The same appears 
to be true for the rat. Breuer et al. (15)  
observed that the supplementation of an 
amino acid diet containing the Jones- 
Foster (1 6 )  mineral mixture with sodium 
bicarbonate improved the growth rate of 
rats. That particular mineral mixture does 
not contain an appreciable reserve of base. 
Under conditions of added hydrochloride 
from arginine, histidine and lysine, the 
growth-limiting factor was a deficit of ab
sorbable cation. Likewise, the growth of 
chicks fed a purified diet containing a con
siderable quantity of hydrochloride from 
arginine and lysine was improved by the 
addition of potassium with a metaboliz
able anion.3

High levels of sodium in the diet used in 
these experiments were less toxic than 
previously reported ( 2 -4 )  for diets con
taining intact proteins. Furthermore, addi
tional dietary potassium has been found 
to reverse the toxic effect of excess so
dium (4 ) .  Possible reasons for the differ
ences in susceptibility of chicks to excess 
sodium are: breed of chick, source or 
form of dietary nitrogen, or dietary levels 
of potassium, chloride or sulfate.
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ABSTRACT T h e  e f f e c ts  o f  d i e t a r y  s u p p le m e n ts  o f  c o p p e r  ( 0 . 0 2 % ) ,  i r o n  ( 0 . 0 4 % )  
a n d  z in c  ( 0 .7 5 %  ) o n  g r o w th  a n d  i r o n  m e ta b o l i s m  o f  r a t s  w e r e  o b s e rv e d . A l th o u g h  
d ie t s  w i t h  e le v a te d  le v e ls  o f  i r o n  s ig n i f i c a n t ly  lo w e r e d  u p t a k e ,  d i e t a r y  z in c  o r  c o p p e r  
h a d  n o  s ig n i f i c a n t  e f f e c t  o n  a b s o r p t io n  o f  o r a l ly  a d m i n i s t e r e d  r a d io a c t iv e  i r o n ,  9 6  
h o u r s  p r i o r  to  d e a th .  D ie ts  h i g h  i n  z in c  d id ,  h o w e v e r ,  s ig n i f i c a n t ly  lo w e r  r e t e n t i o n  o f  
c h r o n ic a l ly  a d m i n i s t e r e d  d i e t a r y  r a d io a c t iv e  i r o n  a s  w e l l  a s  d e c r e a s e  l i v e r  i r o n  s to r e s .  
T h e  d a t a  s u g g e s t  t h a t  i r o n  a b s o r b e d  f r o m  t h e  d ig e s t iv e  t r a c t  w a s  a p p a r e n t l y  f o l lo w in g  
a  n o r m a l  m e ta b o l i c  p a t h w a y  a f t e r  9 6  h o u r s ,  b u t  l a t e r  d e v ia te d  s ig n i f i c a n t ly  u n d e r  c o n 
d i t i o n s  o f  z in c  to x ic i ty .  C o p p e r  l e v e ls  w e r e  n o t  s ig n i f i c a n t ly  a l t e r e d  u n d e r  t h e  c o n d i 
t i o n s  o f  t h e s e  e x p e r im e n t s .

The importance of iron on the inter
relationship of copper-zinc metabolism has 
been recognized. Sivarama Sasty and 
Sarma (1) state that the apparent antag
onism between zinc and copper is a reflec
tion of zinc interference on iron metab
olism and that this interference may be a 
common phenomenon in zinc toxicosis. 
Magee and Matrone (2 ) have presented 
evidence indicating that zinc directly in
terferes with iron metabolism. They sug
gest that in addition to copper, iron may 
be the deficient dietary essential reported 
by Grant-Frost and Underwood (3 ) to 
affect hematopoiesis in zinc-fed rats. The 
ameliorating effect of copper on zinc tox
icity has been viewed by Cox and Harris
(4 ) as being due to the ability of copper 
to mobilize iron from the liver even when 
dietary level of iron is at a low level. In 
any event, there are many aspects of the 
role of iron in zinc toxicity which are not 
clear. In view of this, the present study 
was designed to define more clearly the in
volvement of iron in the copper-zinc inter
relationship and more specifically to ob
serve how these mineral nutrients as 
dietary additives influence absorption, dis
tribution and excretion of administered 
radioactive iron.

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

The present investigation was divided 
into 2 experiments. The first was designed 
to study in rats the effects of various die

J. N u t r it io n , 9 0 : *66

tary mineral additives upon the distribu
tion and excretion of orally administered 
59Fe 96 hours after administration. The 
second experiment was based on results 
obtained in the first experiment. It was 
designed to define more clearly the nature 
of the iron stores of zinc-toxic rats.

All data were subjected to analysis of 
variance. Significant differences between 
any 2 treatment means were determined 
by using the multiple range test of Duncan 
as described by Li (5 ) with some modifica
tions derived from Linquist (6 ). Data 
analyzed as percentages were first sub
mitted to an inverse sine transformation
(7).

Experiment 1. Seventy-two, 4-week- 
old, male, rats of the Holtzman strain, 
weighing an average of 70 g were selected 
at random and placed in 8 treatment 
groups of 9 animals each. They were fed 
their respective rations for 5 weeks and 
then given 15 uCi of 59CL * 1 in 2 ml of aque
ous solution by stomach tube. After radio
isotope administration the rats were 
placed in Acme Rodent metabolism cages 2 
(20 cm X 11 cm X 11 cm). The urine and 
feces were collected daily until the ani
mals were killed 4 days later. Until 59Fe 
was given, animals were housed individu
ally in stainless steel wire-mesh cages 
where food was offered ad libitum from

R e c e iv e d  f o r  p u b lic a t io n  M a r c h  2 1 , 1966.
1 A b b o t t  L a b o r a to r ie s , O a k  R id g e , T e n n e sse e .
2 A c m e  M e ta l P r o d u c t s ,  I n c .,  C h ica g o .
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glass jars with white lacquered screw-cap 
metal lids having a hole stamped through 
the middle. Food consumption for each rat 
was recorded daily; weight gain was re
corded 3 times per week throughout the 
experiment. Distilled, demineralized drink
ing water was dispensed from glass bottles 
equipped with stainless steel outlet tubes.

The percentage composition of the basal 
diet was as follows: starch, 44.4; vitamin- 
free casein, 18.0; sucrose, 22.4; fiber, 4.0; 
salt mixture W,3 4.0; vitamins4 in dex
trose, 2.2; and corn oil 5.0. Modifications 
of the basal diet consisted of adding, at 
the expense of starch, one or more of the 
following final concentrations of miner
als: 0.02% copper as cupric acetate;
0.04% iron as ferric citrate; and 0.75% 
zinc as the carbonate. These levels of sup
plementation were used to obtain the fol
lowing 8 treatments: 1) basal ration
(control); 2) Cu; 3) Fe; 4) Zn; 5) Cu +  
Fe; 6) Cu +  Zn; 7) Fe +  Zn; and 8) Cu 
+  Fe +  Zn.

The rats were killed 5 by exsanguination 
after being anesthetized with ether to 
allow blood withdrawal from the inferior 
vena cava. Desired tissues were removed, 
weighed and stored at —70° for subse
quent analyses.

Radioanalysis using a sodium iodide 
crystal Auto-Gamma spectrometer sys
tem,6 was conducted on the following 
samples: 1) liver; 2) kidney; 3) spleen;
4) skeletal muscle; 5) cardiac muscle;
6) duodenum; 7) stomach; 8) bone (right 
femur); 9) whole blood; 10) plasma; 11) 
daily urine collections; and 12) daily fecal 
collections. A counting accuracy of 1% or 
less was attained during this analysis. Ni
trogen determinations by the method of 
Ferrari (8 ) were performed on tissues 1 
through 6 above. After using the ashing 
procedure reported by Reitz et al. (9 ), 
livers were analyzed for iron by the 
method of Bandemer and Schaible (10) 
and for copper as outlined in the AOAC
(11).

Experiment 2. Twenty Flolzman rats 
of the same age and sex, and weighing an 
average of 74 g, were placed in metab
olism cages of the type described in ex
periment 1. One-half of the animals were 
fed a basal diet; the other one-half were 
fed a 0.75% zinc diet. Both diets were the

same as described in experiment 1 except 
that 59FeCl3 7 was added to each ration at 
the rate of approximately 0.02 uCi/g of 
diet. At the end of 5 weeks each rat was 
given by stomach tube 40 uCi of carrier- 
free 55FeCl3 8 in 2 ml of aqueous solution. 
Four days later one-half the animals in 
each group were bled and killed as in ex
periment 1. The other half were killed by 
exsanguination after which their livers 
were perfused in situ by inserting a needle 
into the portal vein and allowing sodium 
chloride solution (0.9% ) to flow until the 
organ had a pale straw color.

The liver, spleen and right femur were 
removed from each rat at the time of 
death. Iron-59 determinations on these tis
sues and on the urine and fecal collections 
were accomplished as in experiment 1. In 
addition, each rat carcass was analyzed 
for 59Fe utilizing an Armac 9 large-volume 
scintillation detector. Hemoglobin was de
termined by the cyanmethemoglobin 
method outlined by Crosby et al. (12).

A portion of each liver was homogen
ized in 2 ml of cold distilled water, trans
ferred to a centrifuge tube with an addi
tional 2 ml of distilled water and was 
brought to a final volume of 8 ml with 4 
ml of 20% CClsCOOH. The resultant mix
ture was allowed to stand at room temper
ature for 2 hours and was then centri
fuged. Supernatant and precipitated frac
tions were separately ashed (9 ), dried and 
then dissolved in 2 ml of 0.12 n  HCL. Por
tions of these acid solutions were analyzed 
for total iron (10) and 55Fe. Radioanalysis 
of 55Fe was accomplished using the scin
tillation solution described by Bray (13)

3 W e s s o n , L . G. 1 93 2  A  m o d i f i c a t io n  o f  th e  
O sb o rn e -M e n d e l sa lt  m ix tu re  c o n t a in in g  o n ly  in 
o r g a n ic  c o n s t itu e n ts . S c ie n c e , 7 5 : 339 . (S a l t  M ix tu re  
W , N u tr it io n a l  B io c h e m ic a ls  C o r p o r a to n , C le v e la n d . )

4 V ita m in  d ie t  fo r t i f ic a t io n  m ix tu r e  in  d e x tr o s e  
fo r m u la t e d  to  g iv e  th e  f o l l o w in g  in g r e d ie n ts  a n d  
a m o u n ts  p e r  k i lo g ra m  o f  f in a l  m ix e d  r a t io n :  v ita m in  
A , 198 0 0  IU ; v ita m in  D , 2 20 0  IU  a n d  ( i n  m i l l ig r a m s )  
a -to co p h e r o l,  110 ; in o s it o l ,  110 ; a s c o r b ic  a c id ,  9 9 0 ; 
c h o l in e  c h lo r id e ,  1 6 5 0 ; m e n a d io n e ,  4 9 .5 ; p -a m in o -  
b e n z o ic  a c id ,  1 1 0 ; n ia c in ,  9 9 ; r ib o f la v in ,  2 2 ;  p y r i-  
d o x in e  2 2 ;  t h ia m in e ■ HC1, 2 2 ; C a  p a n to th e n a te , 6 6 ;  
f o l i c  a c id ,  1 .9 8 ; a n d  ( i n  m ic r o g r a m s )  b io t in ,  4 4 0 ; 
v ita m in  B 1 2 , 2 9 .7 . O b ta in e d  f r o m  N u tr it io n a l  B io 
c h e m ic a ls  C o rp o ra t io n .

3 T h e  P r in c ip le s  o f  L a b o r a to ry  A n im a l  C a re  as 
p r o m u lg a te d  b y  th e  N a t io n a l  S o c ie ty  f o r  M e d ic a l  
R e s e a rc h  w e r e  o b se rv e d .

6 P a ck a r d  In s tr u m e n t  C o m p a n y , L a  G ra n g e , I l l in o is .
7 See fo o tn o te  1.
8 N u c le a r  S c ie n c e  a n d  E n g in e e r in g  C o r p o r a t io n , 

P it tsb u rg h .
9 See fo o tn o te  6.
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and a Tri-Carb liquid scintillation spec
trometer system.10

Another portion of each liver was fixed 
for 48 hours in neutral buffered 10% for
malin after which it was embedded in 
paraffin by routine procedures. Tissue sec
tions of 5-n thickness were cut and 
mounted on clean glass microscope slides. 
Three different staining procedures were 
used. Some sections were stained with 
hematoxylin and eosin, to show the gen
eral histology, others by the method of 
Pearse (14) to demonstrate ferric iron 
and still other sections by the Turnbull 
Blue method (14) to determine ferrous 
iron (which also converts ferric iron to 
this state). All other conditions and pro
cedures not specifically stated were as de
scribed in experiment 1.

R E S U L T S

Experiment 1. Weight gain; feed con
sumption. These results are summarized 
in table 1. Rats of all groups fed rations 
containing increased levels of zinc, 
whether in combination with high dietary 
levels of copper or iron or both, gained 
significantly less (P < 0 .0 1 )  weight than 
controls. Animals of these 4 groups also 
consumed significantly less food —  the 
Cu +  Fe +  Zn and the Fe +  Zn groups at 
the 1% level of significance; the Cu +  Zn 
and the Zn group at the 5% level.

Radioanalysis; nitrogen analysis: Re
tained 59Fe, expressed as the percentage of 
administered 59Fe per gram of tissue (wet 
weight) 96 hours after administration is 
also shown in table 2. Since there was a 
significant difference of body weight at 
the end of the experiment, it was neces
sary to correct for this weight difference 
before statistical analysis. This was done 
by obtaining for each animal the product 
of the percentage per gram of concentra
tion and the rat’s body weight. A statistical 
analysis of weighted data revealed levels 
of significance shown in table 2. Tissues 
of all rats fed iron-containing rations ex
hibited lower radioactivity than those of 
the control group. The presence of dietary 
copper or zinc apparently had no effect. 
No other differences were significant. Tis
sues analyzed for total nitrogen and sta-

10 See fo o tn o te  6.
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tisticaUy analyzed, after weighting the 
data in a manner similar to that de
scribed above to obtain weighted percent
age of administered 59Fe per milligram of 
nitrogen, yielded essentially the same dif
ferences as those shown in table 2. Al
though fecal excretion of radioactive iron 
was higher in rats fed iron-containing 
diets, no significant deviations from nor
mal in urine or fecal excretion of radio
iron were observed for any of the experi
mental groups (table 1).

Iron and copper analyses: Levels of
total iron in the liver are shown in table 2. 
When expressed as micrograms per gram 
of tissue or total micrograms in the liver, 
the iron content in rats fed any high zinc- 
containing ration was lower than normal 
in all groups. All differences were signifi
cant at the 1 % level except in the Fe +  Zn 
group. The latter was significant at the 
5%  level of significance. Iron content in 
the fivers of the Fe group was significantly 
higher (P <  0 .05) than normal. No sig
nificant between-group differences in fiver 
copper levels were detected.

Experiment 2. Pertinent results of ex
periment 2 are summarized in table 3. No 
differences between perfused fivers and 
fivers of rats exsanguinated without liver 
perfusion were noted and are, therefore, 
treated as belonging to the same respec
tive experimental groups.

Weight gain; feed consumption: As in 
zinc-fed animals of experiment 1, weight 
gain and food consumption were signifi
cantly lower (P <  0 .01) than in controls.

Iron-59 analyses: Iron-59 retained in
the entire carcass, minus exsanguinated 
blood, expressed as the percentage of 
59Fe consumed was significantly lower 
( P < 0 . 0 1 )  in zinc-fed rats. Tissue con
centrations of 59Fe when expressed as the 
percentage and 59Fe consumed per gram 
of tissue were significantly lower in the 
zinc-fed group than in controls. Highest 
concentrations were found in red blood 
cells followed by spleen and fiver with 
bone and plasma last. The 59Fe concentra
tion in the precipitated fraction of liver 
was approximately ninefold higher than in 
the supernatant in both experimental 
groups. Expressing the fiver 59Fe level as 
total organ 59Fe content resulted in mag
nified between-group differences since the
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TA BLE 3
Weight gain, food consumption and values related directly to organ and tissue content of 

total iron, “chronically fed” 59Fe and “acutely fed” 5SFe in rats maintained with 
high zinc diets for a period of 39 days (exp. 2)

C o n tro ls Z n-fed

1. %  o f  F e  r e t a i n e d  i n  c a r c a s s 1 2 .8 2 6 6 .1 2 7 * *

2. %  o f  59F e  c o n s u m e d / g  
o f  t i s s u e  ( w e t  w t )

a . l i v e r
p r e c i p i t a t e
s u p e r n a t a n t

to t a l
b . s p le e n
c . b o n e  ( r i g h t  f e m u r )
d . r e d  b lo o d  c e l ls
e . p l a s m a

0 .1 9 8  ( 2 .5 0 2 )  1
0 .0 2 3  ( 0 .2 9 1 )
0 .2 2 1  ( 2 .7 9 3 )
0 .3 4 0  ( 0 .2 3 3 )
0 .0 7 1
1 .0 5 1
0 .0 0 3

0 .0 6 4 * *  ( 0 .5 3 3 ) * *  
0 .0 0 7 * *  ( 0 .0 4 8 ) * *  
0 .0 7 1  ( 0 .5 8 1 )  
0 .1 5 1  ( 0 .1 1 2 )  
0 .0 4 3 * *
0 .7 4 6 *
0.002*

3 . % o f  59F e  i n  c a r c a s s / g  
o f  t i s s u e  ( w e t  w t )

a . l iv e r
b . s p le e n
c . b o n e
d . r e d  b lo o d  c e l ls
e . p l a s m a

1 .7 5 8  ( 2 2 .2 1 4 )  
2 .6 5 2  ( 1 .8 2 6 )  
0 .5 6 8  
9 .0 3 5  
0 .0 1 8

1 .1 9 6 * *  ( 8 .9 8 1 ) * *  
2 .5 9 0  ( 1 .9 2 0 )  
0 .7 0 9  

1 1 .3 4 8  
0 .0 0 7 * *

4 . Pg o f  F e / g  o f  l i v e r  ( w e t  w t )  
p r e c i p i t a t e  
s u p e r n a t a n t  

t o t a l

1 4 0  ( 1 7 7 1 )  
16  ( 2 1 3 )  

1 5 6  ( 1 9 8 4 )

7 9 * *  ( 5 8 3 ) * *  
14  ( 1 0 5 ) *  
9 3  ( 688)

5 . D i s i n t e g r a t i o n s / m i n / j u g  o f  
F e  i n  l iv e r 3 5 8 1 3 7 * *

6. %  o f  55F e  a d m i n i s t e r e d / g  
o f  l iv e r  ( w e t  w t )

p r e c i p i t a t e
s u p e r n a t a n t

to t a l

0 .4 2 1  ( 5 .3 2 0 )  
0 .0 3 7  ( 0 .4 6 8 )  
0 .4 5 8  ( 5 .7 8 8 )

0 .6 2 2  ( 4 .6 7 1 )  
0 .0 8 4  ( 0 .6 3 1 )  
0 .7 0 6  ( 5 .3 0 2 )

7. H e m o g lo b in ,  g / 1 0 0  m l  b lo o d 1 5 .2 8.2**

8. W e ig h t  g a in ,  g 2 0 4 1 2 5 * *

9. F o o d  c o n s u m p t io n ,  g 5 91 4 8 8 * *

1 Values within parentheses represent that amount in entire organ. Value for red blood cells was . , ^ . , ,, , .. % /g in whole blood —  [%/g in plasma x (1 —  hematocrit)]computed: %/g in red blood cells =  ------- ------------hematocrit------------------ "  .
* Indicates a difference at the 5 %  level of significance.** Indicates a difference at the 1 %  level of significance.

average liver weight of control animals 
was 12.636 g, whereas that of zinc-fed 
rats was 7.509 g.

Iron-59 content when expressed as the 
percentage of 59Fe within the carcass per 
gram of tissue and per organ (liver and 
spleen) are shown in lines 3a —3e of 
table 3. A comparison of these values 
shows that lower levels of radioiron 
were present in the liver and plasma 
(P <  0.01) of the zinc-fed rats than in the 
same tissue of the controls.

Total excretion of 59Fe via urine or 
feces, when presented as the percentage

of 59Fe consumed, yielded no significant 
differences. Fecal excretion of 59Fe was 
higher in zinc-fed rats; however, within- 
group variation was such that the be- 
tween-group difference was not signifi
cant.

Iron-55 analyses: Liver concentrations
in either the precipitate or the supernatant 
fractions, expressed as the percentage of 
administered 55Fe per gram of tissue, were 
significantly higher (P < 0 .0 1 )  in the 
zinc-fed animals. However, when correc
tions were made, as in experiment 1, for 
the differences in body weight at the end
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of the experiment, no significant effects 
were observed; neither was a significant 
between-group difference observed in total 
55Fe liver content. The 55Fe content in the 
precipitated liver fraction was higher than 
in the supernatant by a ratio somewhat 
similar to that observed for 53Fe.

Total liver iron and hemoglobin levels: 
The total iron content of livers of zinc-fed 
rats was approximately one-half that of 
controls. The concentration of the precipi
tate fraction was approximately 6 to 9 
times higher than in the supernatant frac
tion in both zinc-fed and control animals. 
Specific activity calculated as disintegra
tions per minute of 59Fe per microgram of 
iron was significantly lower (P <  0.01) in 
the livers of zinc-toxic rats. Hemoglobin 
levels were significantly lower (P <  0.01) 
in the zinc-fed group.

Histological and histochemical find
ings: No histological or histochemical
differences could be detected utilizing any 
of the three staining procedures described 
earlier.

D IS C U S S IO N

The present data indicate that diets 
high in copper or zinc do not significantly 
influence gastrointestinal tract absorption, 
tissue distribution or excretion of a single 
dose of iron administered orally 96 hours 
previously. Magee and Matrone (2 ) have 
reported the absorption of 5DFe, 48 hours 
after administration by stomach tube, is 
not affected by diets high in zinc. In such 
animals, radioactive iron was increased 
(P < 0.05) in the liver and decreased 
(P < 0.05) in the femurs. In the present 
study, increased dietary iron resulted in a 
significantly lower uptake of radioactive 
iron. The lower uptake was presumably 
the result of the decreased digestive tract 
absorption which until relatively recently 
was thought to be caused by the “mucosal 
block” mechanism proposed by Hahn et al.
(15) and elaborated upon by Granick
(1 6 )  . It is probably due to variations in 
the activity of a transport system which 
exists for carrying iron across the mucosal 
cell membrane (17).

Dietary zinc caused a lower percentage 
retention of chronically fed radioactive 
iron, as well as a different relative distri
bution within the body. It might be as

sumed that this difference in distribution 
was caused by lowered liver iron stores in 
zinc-fed rats. The reduced available iron 
in the liver, in turn, resulted in lower plas
ma levels. Sufficiently reduced iron avail
ability would be ultimately evident in 
lower hemoglobin levels. High dietary zinc 
apparently did not, however, alter the 
iron-protein-binding properties of the rats’ 
livers since the protein-bound iron in the 
liver as indicated by essentially the same 
ratio of precipitate to total percentage of 
59Fe consumed per gram of tissue (table 3, 
line 2a), was essentially unchanged in the 
zinc-fed animals.

Why retention of radioactive iron ad
ministered by stomach tube, 96 hours 
prior to death, was apparently unaffected 
while chronically fed radioactive iron was 
reduced in zinc-fed rats is difficult to ex
plain. Dissimilarities in the chemical form 
of the iron within the gastrointestinal 
tract, could explain a difference and no
difference in uptake of “diet radioactive 
iron” and “gavaged radioactive iron,” re
spectively, when comparing zinc-fed and 
control animals. However, if iron absorp
tion has not changed in zinc-toxic ani
mals, it can be concluded that there is a 
difference in iron excretion. The latter 
view suggests that iron absorbed from the 
digestive tract was apparently following a 
normal metabolic pathway after 96 hours, 
but later deviated significantly under con
ditions of zinc toxicity. It is significant to 
note that the storage rate and site of iron 
deposition depends not only upon a state 
of physiological excess, but also upon the 
chemical form of the iron compound, its 
origin, and the rate of administration 
(18—24). For example, iron absorbed from 
the gastrointestinal tract and soluble iron 
salts injected in small amounts are stored 
rapidly and almost entirely in the liver
(24); however, following breakdown of 
red blood cells there is a rapid uptake of 
iron by the spleen as well as the liver (22, 
24) with a later slow distribution of stor
age iron from spleen to liver (23). 
Changes in one or more of these metabolic 
conditions as a result of zinc toxicosis 
could ultimately result in higher iron ex
cretion.

The lower specific 5SFe activity in the 
livers of zinc toxic rats chronically fed
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59Fe indicates that the total liver iron turn
over is slower in the zinc-fed group than 
in the control group. The distribution of 
iron between the ferric and hemosiderin 
liver stores has been reported to remain 
relatively constant under widely varying 
total storage levels produced by different 
conditions (18-20). However, more re
cently, evidence presented by Cox and 
Harris (25) supports the contention that 
liver ferritin is more labile than hemo
siderin in zinc toxic rats. From the latter 
evidence, these authors conclude the major 
source of iron loss from the liver in 
zinc toxicosis to be ferritin. Equal iron 
turnover of liver hemosiderin stores in 
both normal and zinc toxic animals but a 
more rapid turnover of ferritin stores in 
these 2 groups would result in different 
total liver iron turnover. Control animals 
with relatively more liver ferritin would 
have a greater liver iron turnover than 
zinc fed rats with smaller ferritin stores.

Results of the present investigation in
dicate that dietary zinc has little effect 
upon liver copper stores. These observa
tions do not agree with the results of 
Magee and Matrone (2 ) but parallel those 
of other investigators using rats (26) and 
swine (27, 28). The similarity of tissue 
copper levels of the present work indi
cates that a zinc-induced copper de
ficiency, if it exists in animals under the 
present experimental conditions, is not 
due to lowered copper per se but rather to 
a lack of the physiological availability of 
the copper present.

Mazur et al. (29) have reported xanth
ine oxidase participates in the in vivo lib
eration of liver ferritin iron to the circu
lation. It could be speculated that the 
action of zinc was caused by increased ac
tivity of xanthine oxidase and conse
quently an increased rate of iron removal 
from the liver. This is tenuous, however, 
since a relationship between iron metab
olism and liver xanthine oxidase has not 
been found (25, 30).
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and Nonmuscle Protein in Rats ’
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ABSTRACT R a te  o f  c r e a t i n i n e  f o r m a t i o n  i n  v iv o  w a s  s tu d i e d  i n  2 9  a lb in o  r a t s  
( 1 2  f u l l - f e d  m a le s ,  10  r e s t r i c t e d - f e d  m a le s  a n d  7  f u l l - f e d  f e m a l e s )  r a n g i n g  i n  a g e  f r o m  
81  to  1 8 8  d a y s . E q u a t io n s  f o r  p r e d i c t i n g  t h e  q u a n t i t i e s  o f  m u s c le ,  n o n m u s c le  a n d  to t a l  
b o d y  p r o t e i n  w e r e  f o r m u l a t e d  b y  u s i n g  t o t a l  b o d y  p o t a s s i u m  a n d  2 4 - h o u r  u r i n a r y  c r e 
a t i n i n e  e x c r e t io n .  P r e d i c t e d  v a lu e s  o f  m u s c le ,  n o n m u s c le  a n d  to t a l  b o d y  p r o t e i n  a g r e e  
w i t h  t h e  g r a v im e t r i c a l l y  d e t e r m in e d  v a lu e s  w i t h i n  ± 4 . 1 7 % ,  ± 7 . 5 0 %  a n d  ± 3 . 4 1 % ,  
r e s p e c t iv e ly ,  i n  r a t  c a r c a s s e s .

Total body protein can be separated into 
muscle protein and remaining body tissue 
protein. Both of these sources of protein 
form constant percentages of the fat-free 
mass (1 ) and are highly correlated with 
urinary creatinine excretion (2 ). In an at
tempt to predict the amount of these 2 
protein components in human and other 
animals, variations in age, body build and 
size produce difficulties. In these cases, in
consistencies arise in the ratios of muscle 
and nonmuscle protein to fat-free mass. 
Thus, knowing creatinine excretion alone 
is not adequate in the estimation of body 
protein.

In view of the above, equations have 
been formulated in the present study for 
predicting the amount of muscle and non
muscle protein and consequently the total 
body protein in rats. The basis of such 
predictions rests on studies of potassium: 
protein and creatine: protein ratios of the 
muscle and remaining tissues of the body 
together with the rate of creatinine forma
tion in vivo. When these ratios are ac
cepted, the mathematical treatment is con
ceptually straightforward. In the present 
study, predicted values of muscle, non
muscle and total body protein are com
pared with the gravimetrically determined 
values from rat carcasses.

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

Studies were made on 22 male and 7 
female rats of the Sprague-Dawley strain. 
All animals at 60 days of age were placed 
in individual metabolic cages 2 and fed a 
stock diet3 ad libitum for 7 days. To ob

tain a range of body composition, the 
males were separated into 2 groups. Group 
A, consisting of 12 rats, was fed ad libi
tum. Group B, consisting of 10 rats, was 
full-fed initially and then food consump
tion was reduced to 50% two weeks prior 
to body composition analysis. The animals 
were 81 to 188 days of age when body 
composition determination was made.

Twenty-four-hour urine specimens were 
collected for 4 days from all rats prior to 
body composition determination. Funnels 
and separators were washed with 0.1 N  
HC1 and rinsed with deionized water daily. 
The volume of urine collected, together 
with the wash and rinse water, was meas
ured and constituted the total urine sam
ple. Aliquots of these samples were then 
taken in duplicate for creatinine analyses 
by the method of Owen et al. (3).

Procedures for body composition anal
ysis previously described (4 ) were closely 
followed. After the carcass was separated 
into its 5 components, fat (F), water (W ), 
muscle protein (MP), nonmuscle protein 
(NMP) and mineral (m ), potassium and 
creatine concentrations were determined 
in each of the tissue components.

Potassium determination: Tissue pow
der weighing 150 to 200 mg was digested 
with one milliliter of concentrated HN03. 
After complete digestion, the mixture was

R e c e iv e d  f o r  p u b l ic a t io n  J u ly  11 , 1966.
1 T h e  P r in c ip le s  o f  L a b o r a to ry  C a re  as p r o m u lg a te d  

b y  th e  N a t io n a l  S o c ie ty  f o r  M e d ic a l  R e s e a rc h  w e re  
o b se rv e d .

2 A c m e  M e ta b o l ic  C a g e s , S c ie n t if ic  P r o d u c ts , In c .,  
D e n v e r , C o lo ra d o .

3 N o r m a l P ro te in  T e s t  D ie t , N u tr it io n a l  B io c h e m ic a ls  
C o r p o r a t io n , C le v e la n d .

J. N u t r it io n , 9 0 : ’ 66 323
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evaporated to dryness and the residue was 
dissolved with 10 ml of deionized water. 
Potassium was determined with a Baird 
Atomic flame photometer.

Creatine determination: Tissue pow
der weighing 150 to 200 mg was exhaus
tively extracted with 10 ml of 0.66 N 
PhSCh. The extract was then autoclaved at 
130° for 20 minutes to convert creatine 
into creatinine which was analyzed by the 
method of Owen et al. (3). The amount of 
creatine was obtained by using the factor 
1.16 times the amount of creatinine.

Mathematical formulation: The weight 
of total body protein (P) is assumed to be 
composed of muscle protein (MP) and 
nonmuscle protein (NMP), i.e., P = MP 
+  NMP. Studies on tissue analyses (4) 
verified that total body potassium and cre
atine are distributed between the muscles 
and nonmuscular tissues, such that

K  =  K m +  K„ ( I )
C =  C m +  C„ ( 2 )

where
K  =  to t a l  b o d y  p o ta s s iu m  ( m E q )
Km =  p o ta s s iu m  i n  m u s c le  t i s s u e  ( m E q )
K„ =  p o ta s s iu m  i n  n o n m u s c u la r  t i s s u e  ( m E q )  
C =: t o t a l  b o d y  c r e a t i n e  ( m g )
Cm =  c r e a t i n e  i n  m u s c le  t i s s u e  ( m g )
C„ =  c r e a t i n e  i n  n o n m u s c u la r  t i s s u e  ( m g )

The actual determinations of potassium, 
creatine and protein (4 ) in these two large 
groups of tissues revealed the following 
important proportionality constants.

K m /M P  =  0 .4 0 5  m E q / g  
K „ /N M P  =  0 .3 0 1  m E q / g  
C m /M P  =  2 5 .4 9  m g / g  
C „ /N M P  =  6 .3 3  m g / g

From the ascertained proportionality 
constants equations 1 and 2 above can be 
written

K  =  0 .4 0 5  M P  +  0 .3 0 1  N M P  ( 3 )
C =  2 5 .4 9  M P  +  6 .3 3  N M P  ( 4 )

The quantity of MP and NMP can be 
stated in terms of K and C by solving 
equations 3 and 4 simultaneously, where
upon

M P  =  0 .0 5 8 9  C -  1 .2 3 9  K  ( 5 )
N M P  =  4 .9 9  K  -  0 .0 7 9 3  C ( 6)

Furthermore, NMP can be predicted from 
the amount of muscle protein and total 
body potassium by solving equation 3, 
thus

N M P  =  3 .3 2 2  K  -  1 .3 4 6  M P  ( 7 )

From what has preceded, it is clear that 
the prediction of MP and NMP depends

upon K, the amount of total body potas
sium which is easily assessable, and the 
unknown quantity of C. If a relationship 
could be established between the amount 
of total body creatine and the amount of
urinary creatinine excretion (Cr), so that 
Cr/C =  k, equation 5 can be rewritten as

M P  =  0 .0 5 8 9  Ci/k -  1 .2 3 9 K  ( 8)

R E S U L T S

The validity of equation 8 depends on 
the constancy of k, which is the ratio of
Cr/C, in all 3 groups of rats. The complete 
individual data obtained in this experi
ment are presented in table 1. The average 
k values (0.00787 ±  0.00071, 0.00727 ±  
0.00049 and 0.00747 ±  0.00044 for group 
A, B and females, respectively) for these 
3 groups of rats are not significantly dif
ferent. Therefore, an average k =  0.00757 
±  0.00063 was obtained from all rats.

Substituting 0.00757 for k in equation 
8, the resulting equation can be written in 
the form

M P  =  7 .7 8 3  C r  -  1 .2 3 9  K  ( 9 )

The accuracy of equation 9 was tested by 
comparing the predicted muscle protein 
weights with those actually determined 
gravimetrically (fig. 1). The slope of this 
line, fitted to the predicted and determined 
values by the methods of least squares, 
was not significantly different (at the 
30% fiducial limit) from unity, and the 
intercept was not significantly different 
from zero. This agreement indicates the 
constants set forth in equation 9 are satis
factory for the prediction of muscle pro
tein over a broad range of body composi
tion. The linear correlation coefficient r =  
0.964 and a standard deviation of 
±4.17% from the mean value were ob
tained between the predicted and de
termined values.

The predicted values of nonmuscle pro
tein from either equation 6 or 7 revealed 
disparities in the relationship with the ac
tually determined values (fig. 2). A rather 
low correlation coefficient (r =  0.883) 
and relatively large standard deviation 
(±7.50% ) from the mean values were 
obtained.

Total body protein could be predicted 
by combining equations 5 and 6 and sub-
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F ig . I  A g r e e m e n t  b e tw e e n  p r e d i c t e d  m u s c le  p r o t e in  a n d  g r a v im e t r i c  a l ly  d e t e r m in e d  
m u s c le  p r o t e in .

stituting k. The resulting equation could 
be written as

P  =  3 .7 5 1  K  -  2 .6 9 3  C r  ( 1 0 )

The total body protein predicted from 
equation 10 is similar to that obtained by 
adding the predicted amount of muscle 
protein and nonmuscle protein. The pre
dicted quantities of total body protein in 
all rats were plotted against the gravi- 
metrically determined values as shown in 
figure 3. A linear correlation coefficient of 
r =  0.974 and a standard deviation of 
±3.41% from the mean value were ob
tained between the predicted and the 
measured values.

D IS C U S S IO N

To predict the quantities of muscle and 
nonmuscle protein, and consequently the 
amount of total body protein, it is neces
sary that k, the ratio of urinary creatinine 
excretion to total body creatine, be known 
and that this ratio be constant. By analyz
ing the 24-hour urinary creatinine excre
tion together with the amount of total

body creatine in 3 groups of rats (12 full- 
fed males, 10 restricted-fed males and 7 
full-fed females), the k value was derived 
(table 1). Comparisons of the amount of 
urinary creatinine excretion and the 
amount of total body creatine in these 
groups of rats demonstrated an extraordi
narily fixed relationship between these 
substances over a rather wide range of 
body composition. No sex differences were 
apparent.

The average k (0.00757), correspond
ing to a creatine turnover rate (the 
amount of creatine excreted as creatinine 
divided by the total amount of body cre
atine, C/C) of 0.88% was unexpected. 
Thus, reports in the literature (5 -7 ) in
dicate that the turnover rate of creatine 
in rats and other species of animals is in 
the order of 2% per day. However, when 
the various methods used to determine 
creatine turnover are considered, this dis
crepancy is not too unexpected and the 
lack of validity is striking.



F ig . 2  C o r r e l a t i o n  b e tw e e n  p r e d i c t e d  n o n m u s c le  p r o t e i n  a n d  d e t e r m in e d  n o n m u s c le  
p r o te in .

F ig . 3 C o m p a r i s o n  o f  t o t a l  b o d y  p r o t e in  p r e d i c t e d  f r o m  t h e  p r e s e n t  s tu d y  w i t h  t o t a l  b o d y  
p r o t e in  d e t e r m in e d  g r a v im e t r i c a l l y .



328 K E N N E T H  S. K . C H IN N

Borsook and DubnofF (6 ) postulated 
that the conversions of phosphocreatine 
and creatine to creatinine follow first or
der kinetics, and both reactions proceed 
independently of each other at their indi
vidual, but constant rates. At pH 7.0 and 
normal body temperature, their conver
sion rates were found to be 0.0011 and 
0.00044 mg/hour, respectively. By using 
the above rates and assuming 60% of the 
body creatine is normally bound as phos
phocreatine, they calculated 2.02% of the 
total body creatine to be excreted in 24 
hours as creatinine. There are, however, 
reasons to believe that in vivo creatine de
creases preferentially to phosphocreatine, 
since the human or animal body tends to 
preserve the high energy phosphate stores 
which are essential to life.

Experiments designed to demonstrate 
the synthesis and degradation of creatine 
by use of isotopic creatine (5, 7) appear 
to confirm that about 2% of total body 
creatine is converted and excreted as cre
atinine in urine each day. When the rate 
of isotopic creatinine disappearance from 
the experiments of Bloch et al. (5 ) and of 
Cohn et al. (7 ) are studied, large vari
ations are revealed. Bloch et al. (5 ) had 
a range from 1.57% to 3.93% (average 
2.73±1.02% ), Cohn et al. (7 ) obtained 
a range from 0.75% to 3.41% (average 
1.78±0.95% ) for a group of 2 rats and 
also a range from -0.29% to 3.66% (av
erage 1.45± i .45% ) for a group of 3 rats. 
Although these data are close to the 2% 
value, statistical methods do not permit a 
comparison of averages for any interpre
tation unless the variations are within re
liable ranges. Furthermore, the experi
ments were accomplished by feeding large 
quantities of isotopic creatine which might 
have affected the results. In the experi
ment performed by Bloch et al. (5 ), rats 
were fed 53 mg of 15N creatine/kg of body 
weight for 6 days, and the quantities 
of creatine ingested by these animals 
amounted to some 20% of the total initial 
phosphocreatine-creatine pool. Cohn et al.
(7 ) fed rats 50 mg of isotopic creatine 
per kg body weight for a period of 21 days, 
and the total quantities of creatine in
gested by these rats amounted to some 
50% of the initial pool size.

Borsook and Dubnoff (6 ), in an analy
sis of data on 4 species, reportedly calcu
lated approximately 2.5% of the body cre
atine to be converted and excreted as cre
atinine each day. When their results were 
compared with those obtained by more re
cent workers (8 ,9 )  together with the 
present report, two important points were 
revealed. For convenience, the analytical 
and derived data of all authors are shown 
in table 2. The overall creatinine coeffi
cient (mg creatinine excreted in urine 
each day per kg body weight) obtained by 
previous workers (5, 10, 11) is about 1.6 
times higher than values obtained here 
and by recent workers (8, 9). Such differ
ence may be due partially to the non
specificity of the Jaffé reaction used in the 
previous experiments. Since urine has 
been shown to contain a small amount of 
noncreatinine chromogens (3 ), these sub
stances might have increased the optical 
density of alkaline creatinine picrate pro
cedure. Nevertheless, this method of cre
atinine determination can account at 
most for 10% of the increase in creatin
ine. It may be presumed that the animals 
used by previous workers were extremely 
lean and muscular, although it is difficult 
to prove this convincingly. The possibility 
that large quantities of exogenous creatine 
were ingested by these animals appears 
unlikely since the animals were being fed 
creatine-free diets. On the other hand, the 
creatine coefficient (mg of total body cre
atine per kg body weight) is 1.6 times 
lower than the value obtained in the pres
ent study. This difference appears to re
sult mainly, if not wholly, from the incom
plete amount of body creatine reported as 
total amount of body creatine. Myers and 
Fine (11) reported the amount of creatine 
observed in skinned and eviscerated rab
bit carcasses as the total amount of body 
creatine, whereas the values obtained 
from Chanutin and Kinard (10) were as
sessed from creatine concentration of 
muscle with muscle estimated at 40% of 
body weight. Although results reported by 
Bloch et al. (5 ) represent total body anal
ysis, 95% alcohol was used for creatine 
extraction and this method introduces a 
possible error due to incomplete extraction 
of creatine in the animal body since
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creatine is almost insoluble in alcohol 
(0.0063 g/100 ml, cold) (12).

In view of the possible errors in the rate 
constant obtained by previous workers 
(5, 6, 7, 10), the reported value of 2% 
appears to be much too high. The present 
value of 0.88% obtained from three dif
ferent groups of rats appears more rea
sonable.

An evaluation of k according to the 
present experimental procedure has been 
shown to permit the accurate estimation 
of muscle, nonmuscle and total body pro
tein in rats from measurements of total 
body potassium and 24-hour urinary cre
atinine excretion. The advantage of the 
present approach is the ability to differ
entiate the total body protein into its two 
large components, muscle protein and 
nonmuscle protein. The assessments of 
body potassium and urinary creatinine ex
cretion is relatively simple. Furthermore, 
this approach is independent of the as
sumed constancy of the fat-free mass, 
since a small flux of water content from 
70% to 73% of the fat-free mass would 
cause the estimate of body protein to vary 
some ±  10%.
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Vitamin K Content of Ground Beef* 1
J O H N  T . M A T S C H IN E R  a n d  E . A . D O IS Y , JR .
Department of Biochemistry, St. Louis University School of Medicine, 
St. Louis, Missouri

ABSTRACT T h e  v i t a m i n  K  c o n t e n t  o f  c o o k e d  g r o u n d  b e e f  w a s  d e t e r m in e d  b y  
b io a s s a y  i n  th e  r a t  to  b e  e q u iv a l e n t  to  a b o u t  0 .0 7  /¿g o f  p h y l l o q u i n o n e / g  o f  t i s s u e .  
A p p r o x im a te ly  o n e - h a l f  o f  t h i s  a c t iv i ty  w a s  c o n c e n t r a t e d  f r o m  b e e f  f a t  b y  m o le c u la r  
d i s t i l l a t i o n .  B e e f  p r e s e r v e d  b y  7- i r r a d i a t i o n  d id  n o t  c o n t a i n  a  d e te c ta b le  a m o u n t  o f  
v i t a m i n  K  n o r  a n y  d e t e c t a b l e  a n t i c o a g u l a n t  a c t iv i ty .

The first report of readily induced die
tary deficiency of vitamin K in a mam
malian species appeared in 1959 as the 
result of a study of the nutritive value of 
ground beef preserved by irradiation (1 ). 
When rats fed irradiated beef were ob
served to develop hemorrhages, this food 
became suspect and an intensive study of 
the etiology of the syndrome was under
taken. Despite the efforts of several lab
oratories, no toxic anticoagulation due to 
ingestion of irradiated beef was observed. 
Johnson and co-workers (2 ) detected vita
min K in fat extracted from unirradiated 
beef and estimated that from one-half to 
three-fourths of the vitamin in ground 
beef was destroyed during irradiation. 
Furthermore, Mameesh and Johnson (3 )  
showed that simple nutritional deficiency 
of vitamin K will result if rats are fed a 
properly designed diet.

The amount of vitamin K in ground 
beef is small. Mameesh et al. (4 ) detected 
about 35 ug of menadione equivalent per 
100 g dry weight. In our laboratory some
what smaller amounts of vitamin K were 
observed; however, destruction of this vi
tamin by Y-irradiation appeared to be the 
only nutritional factor responsible for the 
hemorrhagic syndrome. Extensive exami
nation of fresh and irradiated beef by 
quantitative bioassay in adult male rats 
revealed no toxic anticoagulants.

M E T H O D S

Coagulation assays. The effect of die
tary beef on blood coagulation was quanti
tatively evaluated by application of a 
standardized bioassay in adult male rats 
reported earlier (5 ). Groups of 10 rats 
were fed experimental diets for 2 weeks.

At the end of each week a sample of blood 
was taken by cardiac puncture and pro
thrombin was measured by the method of 
Hjort et al. (6). Details and statistical 
aspects of this procedure were discussed 
earlier (5). Throughout this report coagu
lation data are expressed as the percent
age of normal prothrombin concentration. 
As determined in earlier studies, single 
values less than 85% were considered de
ficient. Means are accompanied by their 
standard error.

Diets. Beef diets were prepared as de
scribed by Metta et al. (1 ). On a dry- 
weight basis, they contained 35% ground 
beef,2 35% cornstarch, 19% sucrose, and 
an adequate supplement of vitamins and 
minerals except for vitamin K. Vitamin 
K was added by mixing spectrophotometri- 
cally determined amounts of phylloqui- 
none3 with the lipid components of the 
diet. Purified diets, prepared as described 
previously (5 ), contained 21% protein, 
43% cornstarch, 22% glucose monohy
drate, 5% corn oil and were also supple
mented with vitamins and minerals ex
cept for vitamin K.

R E S U L T S

The assay of diets containing fresh and 
irradiated beef and the effect of exogenous

R e c e iv e d  f o r  p u b l ic a t io n  J u n e  7 , 196 6 .
1 T h e se  s tu d ies  w e re  su p p o r te d  in  p a r t  u n d e r  c o n 

t ra c t  a n d  g ra n t w ith  th e  O ffice  o f  th e  S u r g e o n  G e n e ra l, 
D e p a r tm e n t  o f  th e  A rm y . T h e  o p in io n s  e x p r e s s e d  are 
th o se  o f  th e  a u th o rs  a n d  n o t  n e c e s s a r ily  th o s e  o f  th e  
D e p a r tm e n t  o f  th e  A rm y .

2  B e e f  u se d  in  th ese  s tu d ie s  w a s  p u r c h a s e d  b y  th e  
O ffice  o f  th e  Q u a r te rm a s te r  G e n e ra l. B e e f  w a s  ir r a 
d ia te d  at 5 .5 8  m e g a r a d s  b y  60C o  at th e  A r c o  o r  
S a v a n n a h  R iv e r  P la n ts  o f  th e  A to m ic  E n e rg y  C o m 
m is s io n .

3 R e fe r e n c e  to  s p e c if ic  fo r m s  o f  v ita m in  K  is  m a d e  
in  a c c o r d a n c e  w ith  th e  r e c o m m e n d a t io n  o f  th e  
N o m e n c la tu r e  C o m m is s io n  o f  th e  IU P A C  ( 7 ) .  T h e  
K 2 -v ita m in s  are  m e n a q u in o n e s  (a b b r e v ia te d  M K )  a n d  
v ita m in  K i is  p h y l lo q u in o n e  (a b b r e v ia te d  K ) .

J. N u t r it io n , 90; ’ 66 331
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TA BLE 1
Phylloquinone in diets containing fresh and irradiated beef

D i e t1 G roup
no. P h y llo q u in o n e P ro th ro m b in N o rm a l 

v a lu e s  2
ng/g %

B-0 i 0 8 5 ± 3  3 9 / 2 0
2 0 .0 0 5 8 3  ± 2 10/20
3 0.010 86 ± 2 12/20
4 0 .0 2 5 88 ± 3 1 5 /2 0

B -6 5 0 6 0 ± 4 0/20
6 0 .0 2 5 7 7  ±  3 7 / 2 0
7 0 .0 5 0 9 6  ± 3 1 5 /2 0
8 0 .1 2 5 1 0 2  ± 3 20/20

1 T h e  d ie ts  w ere  a s  d e sc rib ed  in  th e  te x t  c o n ta in in g  e i th e r  f re s h  b ee f  (B -0 ) o r  b ee f  i r r a d ia te d  a t
0» megaraas f-D-o /. .2 N u m b e r  o f p ro th ro m b in  c o n c e n tra tio n s  g re a te r  th a n  85%  / to t a l  o b se rv a tio n s .
3  %  ±  S E .

T A B L E  2

Bioassay of alcoholic extracts of beef

E x t r a c t1 D ie ta ry  
p ro te in  2 P ro th ro m b in N o rm a l 

v a lu e s  3

B -0 C a s e in
%

5 7  ±  5 4 4 / 2 0
S oy 4 3  ± 3 0/20

B -6 C a s e in 6 3  ±  5 4 / 2 0
S oy 3 7  ± 4 0 / 1 9

1 T o ta l lip id -free  a lco h o lic  e x tr a c t  o f 2 .27 kg  o f 
f re s h  (B -0 ) o r  i r r a d ia te d  (B -6) b ee f  in c o rp o ra te d  
in to  3 k g  o f  d ie t.2 21% p ro te in  i n  th e  p u r if ie d  d ie t d e sc rib ed  e a r l ie r

N u m b e r  o f  p ro th ro m b in  c o n c e n tra tio n s  g re a te r  
th a n  8 5 % / to t a l  o b se rv a tio n s .

4 %  ±  SE.

vitamin K are shown in table 1. The best 
estimate of the difference in vitamin K 
activity between the 2 diets is 0.025 ag/g- 
This is based on a favorable comparison 
between groups 1 and 6 and again be
tween groups 4 and 7. During subsequent 
studies the difference between fresh and 
irradiated beef was accounted for by bio
assay of separated fractions of the meat.

In earlier experiments, the protein por
tion of the diet was separated by exhaus
tive extraction of cooked ground beef. 
Rats fed a vitamin K-deficient diet con
taining protein from fresh beef were more 
deficient than those fed protein from irra
diated beef (5). The difference was small 
but represented a vitamin K equivalent of 
about 0.05 ag/g in favor of irradiated beef. 
In the present study, the alcoholic fraction 
remaining after purification of the protein 
and removal of the lipid fraction was also 
assayed. The alcohol was evaporated in a 
non-foaming rotary spray evaporator 4 and 
the residue assayed after mixing in puri

fied diets containing either casein or soy 
protein (table 2). Comparison of those 
groups of rats fed extract from fresh or 
irradiated beef revealed no significant dif
ference in prothrombin levels; thus this 
fraction of ground beef contained no com
ponent which contributed to the difference 
in vitamin K nutrition between fresh and 
irradiated beef.

Essentially all of the estimated differ
ence in vitamin K between fresh and irra
diated beef was observed in lipid fractions 
prepared in the following manner. Meat 
was autoclaved on stainless steel grills and 
the resulting drippings were centrifuged 
to yield about 60% of the fat present in 
whole beef. The remaining aqueous frac
tion and the cooked solids were dehy
drated with alcohol and thoroughly ex
tracted with petroluem ether to remove the 
residual fat. The aqueous alcoholic frac
tions were partitioned against the petro
leum ether fractions and the petroleum 
ether was finally removed under reduced 
pressure. All steps were carried out in 
subdued light. The total fat obtained by 
this procedure was assayed in the stand
ard purified diet (5 ). As shown in table 3, 
vitamin K was detected in fresh beef fat 
but not in fat from irradiated beef. Based 
on dose-response data reported earlier (5 ), 
the diets containing fat from fresh beef 
contained about 0.02 ag of vitamin K/g. 
This is 0.4 ag/g of fat or 0.07 ag/g of 
fresh tissue (18% extractable lipid).

In early experiments with beef fat we 
were unable to detect vitamin K by chick

4 N e s te r  a n d  F a u s t  M a n u fa c tu r in g  C o rp o ra tio n , 
N e w a rk , D e law are .
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TA BLE 3

Bioassay of beef fat in adult male rats

L ip id  1 D ie ta ry
p ro te in P ro th ro m b in N o rm a l 

v a lu e s  2

B -0 f a t C a s e in
%

9 6  ± 3  3 1 5 /1 9
B -6 f a t 7 9 ± 4 9 / 2 0
C o r n  o il 8 1 ± 3 1 9 /4 0
B -0  f a t S oy 5 2  ± 3 0/20
B -6 f a t 4 7 ± 3 0/20
C o r n  o il 4 6  ± 3 1 / 4 0

1 S ta n d a rd  p u r if ie d  d ie t c o n ta in in g  5% o f th e  in d i 
c a te d  l ip id  f ro m  f re s h  (B -0 ) o r  i r ra d ia te d  (B -6) beef. 
D a ta  w ith  c o rn  o il a re  in c lu d e d  f o r  c o m p a r iso n  fro m  
a  p rev io u s  re p o r t  ( 5 ) .

2 N u m b e r  o f p ro th ro m b in  c o n c e n tra tio n s  g re a te r  
th a n  8 5 % / to t a l  o b se rv a tio n s .

3 %  ±  SE.

TA BLE 4

Molecular distillation of vitamin K

O il i W e ig h t D is tilla te V ita m in  K 2
9 9 ß9

C o r n  o il 9 2 0 8 0 n o n e
C o r n  o i l  + 8 0 0  ¡ig 

v i t a m i n  K 9 0 0 80 8 0 0
B -0 f a t 1000 120 200
B -6 f a t 9 1 0 1 4 0 n o n e

1 F re sh  (B -0 ) a n d  i r r a d ia te d  (B-6) b e e f  f a t  p re 
p a re d  as d e sc rib e d  in  th e  tex t. T h e  d is t i l la te s  o f  
th e se  f a ts  m a d e  u p  a p p ro x im a te ly  3%  o f  p rev io u sly  
d e sc rib ed  d ie ts  ( 8).

2 D e te rm in e d  by  c h ic k  b io a ssa y  ( 8) a n d  e x p re ssed  
a s  p h y llo q u in o n e .

bioassay; however, the activity was de
tected after concentrating the vitamin by 
molecular distillation 5 (table 4). The dis
tillate from 1000 g of fat from fresh beef 
contained 200 ng of vitamin K but a simi
lar preparation from irradiated beef gave 
no evidence of vitamin K. The first 2 ex
periments shown in table 4 show the 
recovery of phylloquinine added to corn 
oil. A distillate representing about one- 
tenth of the original oil contained all of 
the added vitamin. Based on the data in 
table 4, fresh beef contains about 0.04 ug 
of distillable vitamin K/g.

D IS C U S S IO N

The occurrence of the biological activity 
of vitamin K in the fat-soluble portion of 
ground beef provides biological support 
for the identification by Martius (9 ) of 
menaquinone-4 among the metabolites of 
vitamin K in non-hepatic tissue. More 
generally, it supports the concept that vi
tamin K does occur in non-hepatic tissues

where it cannot directly affect prothrom
bin synthesis.

The difference in vitamin K activity be
tween fresh and irradiated beef resulted 
essentially from the occurrence of vitamin 
K in fresh beef. This substantiates the 
view that anticoagulants due to irradiation 
do not play a role in this syndrome. The 
quantitative aspects of these studies dem
onstrate that extremely small amounts of 
vitamin K may be required to normalize 
prothrombin concentrations in the rat. As 
little as 0.05 ag of phylloquinone/g of diet 
protected rats fed irradiated beef, where
as the unsupplemented diet produced a 
marked deficiency. By comparison, rats 
fed fresh beef were less deficient but also 
required some supplemental vitamin K to 
maintain normal plasma prothrombin. 
These data emphasize that a nutritional 
deficiency of vitamin K may occur in 
mammalian species without the appear
ance of clinical symptoms of hemorrhage 
or even greatly elevated prothrombin 
times. The important role of nutrition in 
the regulation of anticoagulation in man 
has recently been studied (10).

Vitamin K was not detected in irradi
ated beef. The concentration of vitamin K 
in fresh ground beef was approximately 
0.07 ng/g. Slightly more than half of this 
activity was recovered by molecular distil
lation. This is lower than expected for 
phylloquinone or menaquinone-4 but pre
dictable for naphthoquinones of higher 
molecular weight.6 Larger homologs of 
vitamin K have been recovered recently 
from beef liver (11) and may also occur 
in non-hepatic tissue.
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Effects of Zinc Deficiency per se and of Dietary Zinc 
Level on Urinary and Endogenous Fecal Excretion 
of 65Zn from a Single Intravenous Dose 
by Ruminants 1,2

W. J. MILLER, D. M. BLACKMON, G. W. POWELL, R. P. GENTRY 
a n d  J. M. HIERS, JR.
Dairy Science Department and School of Veterinary Medicine, 
University of Georgia, Athens, Georgia

ABSTRACT Following single intravenous doses of 65Zn, rate of excretion was 
studied in experiments designed to separate the physiological effects of a zinc defi
ciency per se from those of level of dietary zinc. Fecal excretion of 63Zn was higher 
in normal animals fed a normal diet containing 46 ppm zinc then in comparable 
animals fed a zinc-deficient diet containing 6 ppm zinc. Specific activity of fecal zinc 
from animals fed the deficient diet was much higher, reflecting the much lower level 
of total fecal zinc. When fed the same diets, normal animals excreted more 65Zn in 
the feces than did zinc-deficient animals. However, the deficient animals excreted 
more 6: Zn in the urine, suggesting a possible pathological effect of the deficiency on 
the kidneys. Level of dietary zinc per se did not affect urinary excretion in normal 
animals. Urinary excretion of 65Zn was highest the first day, decreased sharply the 
second day, and decreased gradually thereafter. Excretion of 65Zn via urine was 
low, with the total for 13 days being less than 0.3% of the dose. Fecal excretion was 
highest the second and third days after dosing and decreased gradually thereafter. 
Level of 65Zn in the blood declined very rapidly immediately following dosing and 
very slowly after the first day. These studies indicate that both a low zinc diet and 
a zinc deficiency per se cause reduced endogenous fecal excretion of 65Zn for at least 
2 weeks after the zinc enters the blood, thus contributing to homeostasis of this 
element.

The effects of a zinc deficiency on rumi
nants have been described in several pub
lications ( 1 -7 ) .  However, very few stud
ies are available concerning metabolism of 
“ Zn by ruminants (8 , 9 ) . In order to de
termine the true absorption of zinc the 
level of endogenous excretion must be 
known. For an understanding of endo
genous excretion of zinc, it is important to 
know when the excretion occurs after the 
zinc enters the blood.

These experiments were conducted to 
determine the effects of a zinc deficiency 
and level of dietary zinc, on endogenous 
fecal and urinary excretion of “ Zn by ru
minants with time after a single intraven
ous dosing. It was considered important 
to separate the physiological effects of the 
zinc deficiency per se from the influence 
of a dietary deficiency of zinc at the time 
of dosing.

EXPERIMENTAL
Two experiments were conducted using 

tracer doses of “ Zn to study endogenous

excretion of “ Zn with time after a single 
intravenous dose. In the first, the effects 
of a zinc-deficiency per se on endogenous 
fecal and urinary “ Zn excretion were de
termined using the same zinc-deficient diet 
for both deficient and normal animals at 
the time of the metabolism study. In the 
second experiment, effects of a normal 
and a zinc-deficient diet on “ Zn metabo
lism were studied in normal animals.

Experiment 1. Two male goats were 
fed a zinc-deficient diet for several weeks, 
and two comparable animals were fed the 
same diet except with zinc added. Prior

R e c e iv e d  f o r  p u b l ic a t io n  M a y  16 , 196 6 .
1 J o u r n a l P a p e r  n o . 4 8 5  o f  th e  C o lle g e  E x p e r im e n t  

S ta t io n , U n iv e rs ity  o f  G e o rg ia , A th e n s . S u p p o r te d  m  
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J. N u t r it io n , 9 0 : ’ 66 3 3 5
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to the experiment the animals were fed 
practical-type diets including milk replacer 
and calf starter until they were 4 months 
old.

The zinc-deficient basal diet consisted of 
the following per 100 kg: glucose mono
hydrate, 19.5 kg; cornstarch, 25.0 kg; 
dried whole whey (spray process), 20.0 kg; 
cellulose, 10.0 kg; gelatin (flake, 50 bloom),
10.0 kg; egg albumin (autoclaved), 3.0 kg; 
urea (feed grade, 42% N ), 0.5 kg; KHCCh,
1.5 kg; NaHCOs, 2.5 kg; dicalcium phos
phate (anhydrous, food grade), 2.0 kg; 
CaC03 (marble dust), 1.0 kg; lard (stabil
ized), 3.0 kg; Na2S04 (anhydrous), 350 g; 
KC1, 550 g; NaCl, 484 g; MgO (56% 
Mg),3 165 g; Fe2(S04)3-XH20 , (20% Fe by 
assay), 22 g; MnS04 H20 , 4.4 g; CuS04,
3.1 g; C0CO3 (45-50% Co by assay), 22 
mg; KI, 18 mg; thiamine-HCl, 0.9 g; ribo
flavin (USP), 2.0 g; Ca pantothenate, 3.3 
g; pyridoxine-HCl. 1.1 g; nicotinic acid 
(USP), 2.2 g; folic acid (USP), 0.22 g; 
cyanocobalamin (1 mg vitamin Bi2 activ- 
ity /g), 2.2 g; menadione sodium bisulfite 
(63% ), 0.33 g; D-biotin, 26 mg; d-a-to- 
copheryl acetate (333 IU vitamin E activ- 
ity /g), 2.2 g; vitamin A palmitate (250,000 
IU /g), 17.6 g; vitamin Ds (200,000 IU /g),
2.2 g; choline-Cl (70%), 264 g; and oxyte- 
tracycline (25% ), 88 g. By analysis (10) 
the basal diet contained 6 ppm zinc on a 
dry-matter basis. The control purified diet 
was identical except for the addition of 
40 ppm of supplemental zinc as ZnO.

After those animals that were fed the 
zinc-deficient diet developed typical clin
ical symptoms of a zinc deficiency (1, 2, 
4, 5), they and the two comparable con
trols were accustomed to metabolism crates 
for 1-week prior to a single intravenous 
dosing and sample collections. To avoid 
confounding the effects due to differences 
in zinc level with those attributable to a 
zinc-deficiency in the animal, the normal 
animals were fed the zinc-deficient diet 
beginning one week before dosing. Each 
goat was restricted to and consumed 500 g 
of the diet per day while in the metabolism 
crates. The animals were fed once per 
day and given water ad libitum. Frequent 
clinical examinations were made by per
sonnel of the School of Veterinary Medi
cine to be certain that the zinc-deficient 
animals maintained typical symptoms of

the deficiency and that the controls were 
normal throughout the study. Clinical 
symptoms are the most reliable and sen
sitive method, currently available, of posi
tively determining that a specific experi
mental calf or goat is zinc-deficient.4

When dosed with 550 uCi of 65Zn each 
of the goats weighed 21 kg and were 5.5 
months old. The feed intake of the con
trols was restricted to the extent that all 
animals were the same weight. The 65Zn 
(specific activity, about 5,000 mCi/g of 
zinc) was in the form of ZnCl2 in HC1 solu
tion. The 65Zn solution was adjusted to 
pH 5 with NaOH crystals and injected into 
the jugular vein with a syringe through a 
plastic catheter which had been placed in 
the vein immediately before the injection.

Total fecal and urine collections were 
made daily and blood samples were taken 
from the jugular vein at periodic intervals. 
65Zn content of blood and urine samples 
was determined in test tubes with a deep- 
well scintillation counted with a sodium 
iodide crystal. The 65Zn activity of the 
feces was determined with a whole-body 
counter and a 400 channel multichannel 
analyzer5 designed for small animals or 
organs and tissues. Portions of the dosing 
solution of 65Zn were used as standards in 
counting. The standards were comparable 
in size and geometry to the samples. Total 
zinc concentration was determined by 
atomic absorption spectroscopy (10) with 
nitric-perchloric-sulfuric acid wet-ashing of 
samples.

Experiment 2. Two Holstein and 4 
Jersey male calves were fed a practical- 
type diet including milk replacer and calf 
starter until 3 months of age. They were 
then adjusted to the control purified diet 
described above. One and one-half weeks 
prior to a single intravenous dose of 550 
nCi of 65Zn per calf, three of the calves 
(one Holstein and 2 Jerseys) were given 
the zinc-deficient diet described above and 
the other three continued to be fed the con
trol diet. On an average, the Holsteins 
and Jerseys weighed 117 kg and 67 kg, re
spectively. The Holsteins were fed 2270

3 S o ld  u n d e r  th e  n a m e  o f  M a g o x ,  f e e d  g ra d e  ( g u a r 
a n te e d  to  c o n t a in  5 6 %  M g ) .

4 U n p u b lis h e d  d a ta , W . J. M ille r , D . M . B la c k m o n  
a n d  J. D . M o r to n , 1966.

5 T h e  w h o le -b o d y  c o u n te r  w a s  m a n u fa c t u r e d  b y  
M e tr ix , I n c .,  D e e rfie ld , I l l in o is ,  a n d  th e  m u lt ic h a n n e l  
a n a ly z e r  b y  T e c h n ic a l  M e a s u re m e n ts , In c .
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and the Jerseys 1362 g/day in 2 equal 
daily feedings. At the time of killing, 2 
weeks after dosing, all of the animals were 
clinically normal. The data on 65Zn con
tent of the blood were adjusted to com
pensate for the deviation in individual body 
weights from the average. This put the 
data on a basis that would be equivalent 
to each calf having been given 6.5 pCi of 
65Zn/kg of body weight. All other aspects 
of the procedure in this experiment were 
the same as in experiment 1.

R E S U L T S  A N D  D IS C U S S IO N

Normal animals excreted an appreciably 
higher percentage of the intravenous dose 
of 65Zn in the feces than did those suffer
ing from a zinc deficiency (figs. 1-A and 
1-B) (exp. 1). To avoid confounding the 
dietary effects of level of zinc in the diet 
with the effects of the zinc deficiency per 
se, the normal animals were fed the de
ficient diet beginning one week prior to 
dosing. Although no clinical symptoms of 
a deficiency were observed in these con
trol animals at any time, it is possible that

the deficient diet had resulted in some 
borderline effects before the animals were 
killed 5 weeks after feeding of the defi
cient diet began. This may have been 
partially responsible for the fecal excretion 
of 65Zn not being measurably different be
tween the normal and the deficient ani
mals after 17 days following dosing. Re
sults from each of the animals on the same 
treatment were in good agreement. For 
example, total excretion of 65Zn for the first 
17 days following dosing was 6.6% and 
6.8% of the dose for deficient animals 
and 8.3% anc 9.6% for the controls.

Endogenous fecal excretion of 85Zn fol
lowing an intravenously administered 
tracer dose was consistently lower in nor
mal animals fed a zinc-deficient diet con
taining 6 ppm zinc than in comparable 
animals fed the normal diet containing 46 
ppm zinc (figs. 2-A and 2-B) (exp. 2). 
Thus, both the zinc deficiency per se and 
the zinc-deficient diet reduced endogenous 
fecal excretion of 65Zn for at least 2 weeks 
after the 65Zn was injected into the blood 
stream. In these experiments the magni-

0  4  8  12 16 2 0  24 28
DAYS AFTER DOSING

DAYS AFTER DOSING

D

DAYS AFTER DOSING
F ig . 1 E f f e c t s  o f  z in c  d e f ic ie n c y  p e r  s e  i n  g o a ts  f e d  a  z in c - d e f ic ie n t  p u r i f i e d  d i e t  (6 p p m  

z i n c )  o n  65Z n  e x c r e t i o n  f o l lo w in g  a  s in g le  i v  d o s e :  ( A )  d a i ly  r a t e  o f  f e c a l  e x c r e t i o n ;  ( B )  
a c c u m u l a t e d  to t a l  f e c a l  e x c r e t i o n ;  ( C )  d a i ly  r a t e  o f  u r i n a r y  e x c r e t i o n ;  ( D )  a c c u m u l a t e d  
to t a l  u r i n a r y  e x c r e t i o n  ( e x p .  1 , 4  a n i m a l s ) .
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F ig .  2  E f f e c t s  o f  l e v e l  o f  d i e t a r y  z in c  (6 v s . 4 6  p p m  z i n c )  f o r  n o r m a l  c a lv e s  f e d  a  
p u r i f i e d  d i e t  o n  65Z n  e x c r e t i o n  f o l lo w in g  a  s in g le  i v  d o s e :  ( A )  d a i ly  r a t e  o f  f e c a l  e x c r e t io n ;  
( B )  a c c u m u l a t e d  to t a l  f e c a l  e x c r e t i o n ;  ( C )  d a i ly  r a t e  o f  u r i n a r y  e x c r e t i o n ;  ( D )  a c c u m u 
l a t e d  t o t a l  u r i n a r y  e x c r e t i o n  ( e x p .  2, 6 a n i m a l s ) .

tude of the 2 effects was approximately 
comparable. Whether the 2 effects would 
be additive has not been determined, as 
experiments in which the dietary and phys
iological effects were confounded and com
pared with unconfounded treatments have 
not been conducted.

The specific activity (% of the 65Zn dose 
excreted/g of zinc) of the zinc excreted 
via feces was somewhat higher for the 
zinc-deficient than for the normal animals 
(fig. 3-A) (exp. 1). The higher level of 
65Zn (as a percentage of the dose) from 
normal animals represents increased endo
genous excretion. The lower specific ac
tivity of fecal zinc from normal animals 
is owing to the level of stable fecal zinc 
being twice as high as in feces from de
ficient animals. The lower level of stable 
zinc in feces of deficient animals is both a 
reflection of reduced endogenous zinc and 
of higher true absorption.

The specific activity of the fecal zinc 
from normal animals fed a zinc-deficient 
diet was far higher than that of compar

able animals fed the diet with a normal 
level of zinc (fig. 4-A). This is predom
inately a reflection of the much higher 
level of fecal zinc in calves fed the normal 
diet.

The highest rate of fecal excretion of 
65Zn occurred during the first few days fol
lowing dosing and declined slowly for the 
remainder of the collection periods (figs. 
1-A and 2-A).

Data from a preliminary experiment in
dicated that the level of 65Zn in the blood 
dropped very rapidly immediately follow
ing dosing (fig. 5). Although samples 
were not obtained in experiment 1 until 24 
hours after dosing, 98.9 and 98.5% of the 
dose had disappeared from the blood of 
zinc-deficient and control animals by this 
time. For these calculations, blood volume 
was assumed to be 6% of body weight
(11). Between the first and the twenty- 
seventh days following dosing, the level of 
65Zn in blood declined 28% in zinc-defi
cient animals and 39% for normal ani
mals fed the same diet (fig. 6-A). This
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F ig . 3  E f f e c t s  o f  z in c  d e f ic ie n c y  i n  g o a t s  f e d  
a  z in c - d e f ic ie n t  p u r i f i e d  d i e t  o n  s p e c if ic  a c t iv i ty  
o f  z in c  ( %  o f  65Z n  d o s e  e x c r e t e d / g  o f  t o t a l  z in c  
e x c r e t e d )  f o l lo w in g  a  s in g le  iv  d o s e :  ( A )  s p e c if ic  
a c t i v i t y  i n  f e c a l  z in c ;  ( B )  s p e c if ic  a c t i v i t y  i n  
u r i n a r y  z in c  ( e x p .  1, 4  a n i m a l s ) .

difference was not significant statistically. 
In zinc-deficient animals the decline was 
greater the first day after dosing than in 
normal animals (fig. 6-A). However, sub
sequent to this, the rate of decline was less 
rapid in zinc-deficient animals, and hence 
the level of 65Zn was approximately the 
same in both groups 27 days following 
dosing. Level of dietary zinc fed to normal 
animals did not influence 65Zn content of 
the blood (fig. 6-B).

The highest level of urinary excretion of 
65Zn occurred the first day after dosing 
(figs. 1-C and 2-C). On the second day the 
amount was approximately one-half that 
of the first day. Following this the rate 
of decline was much slower. These 
changes appear to reflect 65Zn content in 
the blood to some extent. However, it is 
known that the distribution of 65Zn between

F ig . 4  E f f e c ts  o f  le v e l  o f  d i e t a r y  z in c  (6 v s . 
4 6  p p m  z i n c )  f o r  n o r m a l  c a lv e s  f e d  a  p u r i f i e d  
d i e t  o n  s p e c if ic  a c t i v i t y  o f  z in c  ( %  o f  65Z n  d o s e  
e x c r e t e d / g  o f  z in c  e x c r e t e d )  f o l lo w in g  a  s in g le  
i v  d o s e :  ( A )  s p e c if ic  a c t i v i t y  i n  f e c e s ;  ( B )  s p e 
c if ic  a c t i v i t y  i n  u r i n e  ( e x p .  2, 6 a n i m a l s ) .

plasma and red blood cells is changing 
during these times (12, 13).8

Level of dietary zinc did not affect 
urinary excretion of 65Zn by normal ani
mals (figs. 2-C and 2-D). This is in agree
ment with the conclusion of Vallee (14) 
indicating that diet does not affect urinary 
excretion of zinc. On an average, the 
specific activity of the zinc was somewhat 
lower in the urine of the control calves 
(fig. 4-B). However, this was largely the 
result of the higher level of zinc in the 
urine of one control calf. Urinary zinc ex
cretion increased when rats were fed diets 
containing very high levels of zinc (5,000 
ppm) (15). However, this is a very differ-

6 U n p u b lis h e d  d a ta , W . J. M ille r , R . P . G e n try . 
D . M . B la c k m o n , W . J. P itts  a n d  G . W . P o w e ll ,  1966.
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F ig . 5  65Z n  c o n t e n t  o f  w h o le  b lo o d  fo l lo w in g  
s in g le  iv  d o s e s  i n  o n e  z in c  d e f ic ie n t  a n d  o n e  c o n 
t r o l  a n i m a l  f e d  a  z in c - d e f ic ie n t  p u r i f i e d  d ie t .  
D a ta  f r o m  p r e l i m i n a r y  e x p e r i m e n t  p r e s e n t e d  to  
s h o w  r a t e  o f  65Z n  d e c l in e  im m e d ia t e ly  a f t e r  
d o s in g .

F ig . 6 65Z n  c o n t e n t  o f  w h o le  b lo o d  f o l lo w in g  
s in g le  iv  d o s e s :  ( A )  e f f e c ts  o f  z in c  d e f ic ie n c y  
p e r  se  i n  g o a ts  f e d  a  z in c - d e f ic ie n t  p u r i f i e d  d ie t  
i n  e x p e r i m e n t  1, 2  a n i m a l s  p e r  t r e a t m e n t ;  ( B )  
i n f lu e n c e  o f  n o r m a l  ( 4 6  p p m )  a n d  z in c - d e f ic ie n t  
(6 p p m )  le v e ls  o f  z in c  i n  n o r m a l  c a lv e s  o f  e x 
p e r i m e n t  2 (6 a n i m a l s ) .

ent situation from the present study in 
which the control diet contained 46 ppm 
or less than 1% as much as was fed the 
rats. It is possible that effects of the very 
high levels of zinc may have resulted from 
some mechanism relating to its toxic ef
fects. Cattle fed intermediate levels of 
zinc (1,000 ppm) did not excrete more 
zinc via urine than those fed a normal diet 
(8).

Urinary excretion of 65Zn was twice as 
high in zinc-deficient as in normal animals 
(figs. 1-C and 1-D). Specific activity of the 
zinc was somewhat higher in the urine of 
the zinc-deficient animals but not as much 
higher as the increase in level of 65Zn ex
creted reflecting a somewhat lower level of 
zinc in the urine from the zinc-deficient 
animals (fig. 3-B). However, this is in 
contrast with results from other experi
ments with zinc-deficient animals and sug
gests that perhaps the zinc-deficiency does 
not have very much effect on the total 
zinc excretion via urine.

Total urinary excretion of 65Zn was quite 
low. From the standpoint of zinc balance 
to the animals the urinary loss is normally 
of minor importance. This is in agreement 
with previous work in several species of 
animals (8, 9, 12, 13, 15). The acceler
ated urinary excretion of 65Zn by zinc-defi
cient animals suggests the possibility of a 
pathological alteration. It is opposite to 
the effect on fecal excretion and is in con
flict with homeostatic conservation of the 
mineral which appears to be in effect, 
overall, with zinc-deficient animals.7

In the 2 experiments, different species 
of ruminants were utilized. The design of 
the study is such that it is not possible to 
determine whether the 2 species would 
metabolize 65Zn identically. Nevertheless, 
in general, the same principles should ap
ply to both. The zinc deficiency syndrome 
is essentially the same in both species (1—
6). However, the time required for matur
ity is quite different. Since age appears to 
have an effect on several aspects of zinc 
metabolism, it is probable that some quan
titative differences would appear due to 
stage of maturity and other factors which 
would usually be different should the 2 
species be compared.

7 See footnote 6.
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The present experiments show that 
either a zinc deficiency or a re
duced level of dietary zinc results in 
a consistent reduction in level of en
dogenous 65Zn for a considerable time 
after the isotope enters the blood stream. 
However, the data do not provide informa
tion to indicate the average level of endo
genous 65Zn that would be excreted under 
steady state or equilibrium conditions. Be
fore the understanding of endogenous zinc 
excretion is regarded as being relatively 
complete, it will be desirable to study the 
relationship of the specific activity of 65Zn 
in the plasma and feces to determine 
whether the same relationships hold as for 
45Ca and 32P in the steady-state condition 
(16, 17). If the assumptions required in 
the classic methods of determining aver
age endogenous excretion of certain other 
minerals under steady state conditions (16, 
17) can be established as valid for zinc, 
such studies could contribute appreciably 
to the understanding of zinc metabolism in 
ruminants.
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The Journal of Nutrition welcomes con
cise reports of original research bearing on 
the nutrition of any organism. Preliminary 
notes, or papers already published or in 
press elsewhere are not acceptable. Con
sideration will be given to the publication 
of supplements at the author’s expense.

Manuscripts are to be typewritten on 
bond paper ( 8V2 X 11 inches). Double 
spacing should be used throughout, in
cluding that on title page, tables, legends, 
footnotes and references. A margin of 
about IV4 inches (or 3 cm) is needed at 
each side of the sheets.

An abstract of 200 words or less, typed 
on a separate sheet and double-spaced, 
should be included. When published, this 
will appear ahead of the introductory sec
tion of the text in lieu of a summary at the 
end. The abstract should present the scope 
of the work and the principal observations.

An original and a carbon copy of the 
manuscript and abstract should be sent 
flat by registered mail to

R IC H A R D  H . B A R N E S , E D IT O R  
T H E  J O U R N A L  O F  N U T R IT IO N  
G R A D U A T E  S C H O O L  O F  N U T R IT IO N  
C O R N E L L  U N IV E R S IT Y , S A V A G E  H A L L  
IT H A C A , N E W  Y O R K

The following information should be listed 
on page 1 :

1. Complete title of paper (in upper 
and lower case letters).

2. Name or names of authors.
3. Institution or laboratory, with city 

and state.
4. Shortened form of title (not more 

than 48 letters and spaces).

5. Address and name of author to 
whom proof is to be sent.

(All footnotes, including those per
taining to the title page, should be 
placed on a separate sheet, typed 
double-spaced.)

The text should begin on page 2. The 
manuscript should be prepared in complete 
and finished form. Number all pages con
secutively in the following order: title 
page, text, literature cited, footnotes, ab
stract, tables and figure legends. Never 
divide or hyphenate a word at the end of a 
line, and do not staple together the pages 
of the manuscript.

Start each of the following sections on 
a new page, typed double-spaced:

1. The abstract.
2. Tables, with appropriate heading 

(a separate sheet for each table).
3. Explanation of figures, numbered 

and listed consecutively (do not 
affix illustrations to these sheets).

4. Footnotes — including those re
ferring to title, author, institution 
and text.

5. Literature cited, arranged numer
ically in the order of first citation 
in the text, as “Jones and Smith 
( 1 ) and others ( 2 ) have re
ported . . .

L IT E R A T U R E  C IT E D

1. J o n e s ,  K . Z ., a n d  X . Y . S m i th  1 9 7 2  G r o w th  
o f  r a t s  w h e n  f e d  r a w  s o y b e a n  r a t i o n s .  J . 
N u t r . ,  9 5 : 102 .

2 . B r o w n , Q . R ., V . A . H a m  a n d  I .  V . L o n g  
1 9 7 1  E f f e c t s  o f  d i e t a r y  f a t  o n  c h o le s te r o l  
m e ta b o l i s m .  J .  N u t r . ,  94: 6 2 5 .
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The metric system is used for all units, 
and temperature is expressed in the centi
grade scale. The words “et al.,” “per se” 
and “ad libitum” are not underscored. The 
repeated use of a unit in a sentence may 
be avoided by stating the common unit 
used, as “the diet consisted of the fol
lowing: (in grams) sucrose, 50; casein, 
130; . . Or, in other instances, as “8, 
12 and 14% .” The expression “fed a diet” 
is preferred to “on a diet.” Certain other 
preferred usage is described in the Style 
Manual for Biological Journals.1 The use 
of laboratory jargon is to be avoided, as 
well as such comments as “it can be seen 
that,” “ it is interesting that,” and “it can 
be noted that.” The word “quite” is often 
misused. Use of the active voice in all 
writing is preferred to the passive voice.

Registered trade names. Registered 
trade names are not used in text, tables or 
figures, except when necessary to identify 
certain equipment. A trivial or descrip
tive name should be used in text and 
tables, with a footnote giving the regis
tered trade name, manufacturer and ad
dress (city and state).

Footnotes. In the text, footnotes should 
be numbered consecutively, including any 
indicated on the title page. For tables, 
footnotes should be typed double-spaced 
directly beneath the table, and numbered 
1, 2, 3, etc. Superscripts in the table 
should appear consecutively, starting at 
the top of the table and reading from left 
to right across each line. Footnotes to 
tables are independent of the other foot
note numbers in the text. Symbols are not 
used as superscripts and subscripts.

Acknowledgments. Financial support 
should be listed as a footnote to the title. 
Credit for materials should be listed as a 
footnote in the text. Technical assistance 
and advice may be cited in a section headed 
Acknowledgments, which will appear at 
the end of the text.

Literature Cited. Accuracy and ade
quacy of the references are the responsi
bility of the author. Literature cited should 
be checked carefully with the original pub
lication. References to abstracts of verbal 
reports and to other unedited material (as 
the abstracts in Federation Proceedings, 
theses, and industrial technical bulletins) 
should be treated as text footnotes. Refer

ence to a paper in press may be included 
in Literature Cited. If such a paper would 
be useful in the evaluation of the manu
script under consideration, it is advisable 
to make a copy of it available to the Editor. 
When a manuscript is one of a series of 
papers, the preceding paper should be in
cluded in Literature Cited. Personal com
munications and unpublished experiments 
should be treated as footnotes to the text.

Numbers. Use Arabic numerals through
out, including those in tables and figures. 
If possible, avoid beginning a sentence 
with a numeral; when necessary, numbers 
so used should be spelled out as well as 
any units immediately following.

Abbreviations and symbols. Letters in 
abbreviations such as DPN or IU are not 
spaced and periods are omitted except 
when the abbreviation might be read as 
another word. Following is a list of the 
more common abbreviations and symbols
used in the Journal: 

average 
ce n t im e te r (s ) 
cou n ts per m inute 
cu b ic  ce n t im e te r (s ) 
cu b ic  m illim eter 
d egree ( s ) 
degrees o f  freed om  
g r a m (s )
in ternationa l u n i t ( s )

k ilo g ra m (s )  
l i t e r (s )  
m e te r (s )  
m ic r o g r a m (s )  
m icrom icrog ra m ( s )  
m ic r o c u r ie (s )  
m icron  ( s ) 
m icrom icron  ( s ) 
m icrom ola r

(u n it  o f  c o n c n )  
m icrom ole

(u n it  o f  m a ss ) 
m illig r a m (s )  
m illig ram s % 
m illiliter  ( s ) 
m ill im e te r (s ) 
m illim icrog ram  ( s ) 
m illim icron  ( s ) 
m illim o le  ( s ) 
m olar  (m o le  per lite r ) 
parts p er m illion  
p er cent 
prob ability  ( in  

statistics) 
square centim eter

avg (in tables) 
cm
c o u n t /m in
cm 3
mm3
d f  (in tables') 
g
IU  (to be used only 

when weight can 
not be given) 

kg
(sp e ll o u t )  
m
Mg (n o t  7 )
MM g
/¿Ci
M 
MM 
fl  M

¿imole

m g
( never use )
m l
m m
TCI fig 
lYlfl
m m ole
M
p p m
%
P

c m 2

1 S ty le M a n u a l fo r  B io log ica l J o u rn a ls  1960 A m er
ic a n  I n s t i tu te  o f B io lo g ica l S c iences, 2000 P  s tre e t,
N . W ., W a s h in g to n  6. D. C.
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s q u a r e  m e te r m 2
s q u a r e  m i l l im e te r m m 2
s t a n d a r d  d e v ia t io n S D

s t a n d a r d  e r r o r S E

t  ( F i s h e r ’s t e s t ) t
w e ig h t  ( i n  t a b l e s ) w t

Other commonly accepted abbreviations 
may be found in the Style Manual for 
Biological Journals? The isotope designa
tion of a labeled compound should ordi
narily appear before the name of the com
pound to which it applies. When following 
a symbol for a compound, it should be 
written as superscript (as, 14C); when the 
name of the compound is spelled out, the 
isotope designation should be written on 
the same line (as, carbon-14).

Tables and figures. Follow form in cur
rent issues for the use of upper and lower 
case letters and italics. Authors are urged 
to economize on space used for tables and 
figures. These should fit one column width 
( 2 % inches) or when necessary, two col
umn widths ( 5Vz inches). A charge will 
be made by the publisher for that space 
used for tables and figures which exceeds 
one-quarter of the space used for the 
manuscript exclusive of tables and figures. 
A table or figure should be constructed 
to be intelligible without reference to the 
text. Lengthy tabulation of essentially 
similar data can often be avoided by giving 
the number of experimental results and 
their mean values, with standard devia
tions or ranges within which the values 
fall. Statements that significant differ
ences exist between the mean values of 
two groups of data should be accompanied 
by indications of probability derived from 
the test of significance applied. Units of 
measure should be indicated clearly two 
spaces above the first value in a column.

Original drawings, with two reproduc
tions, to be sent to reviewers, or in the 
case of photographs, the original and two 
glossy prints, should accompany the manu
script. They should be marked on the back 
in ink with the author’s name, complete 
address, and with the figure numbers. 
Such drawings and photographs must not 
exceed 8V2 X 11 inches in size and must be 
at least 5!4 inches wide in order to fit the 
2 5/8-inch single column width when re
duced by one-half. When a complicated 
figure requires more space for clarity, a

proportionately larger illustration will be 
acceptable. But two copies of prints should 
be submitted on sheets of the same size as 
the text. Or if prints are smaller, they 
should be affixed to sheets of manuscript 
size. Oversize or undersize figures are dif
ficult to handle in editing. Legends (in
cluding any keys to symbols or charts) 
should appear on a separate sheet. Draw
ings should be on white or blue-white 
paper or bristol board — not cream-white. 
They should be prepared for reproduction 
as line or halftone engravings. Letters and 
numbers should be uniform and large 
enough so that no character will be less 
than 2 mm high after reduction. A line 
0.4 mm wide reproduces satisfactorily 
when reduced by one-half.

Figures should be lettered (preferably by 
stencil) in black India ink. For any charts 
made on cross section paper, use India ink 
on paper printed in light blue only. Charts 
drawn in India ink should be so executed 
throughout, with no typewritten material 
included. Graphs and charts should be 
given consecutive figure numbers as they 
will appear in the text.

Page charge. For manuscripts received 
on and after December 1, 1962, a charge 
of $20.00 per printed page in the Journal 
of Nutrition will be made by the American 
Institute of Nutrition to authors or insti
tutions whose research funds permit 
charges for publication. Authors will be 
notified of the cost after they receive the 
page proofs, and will have the opportunity 
at that time to signify whether the research 
reported was supported by the type of 
funds that permit such charge for publica
tion. Ability to pay this charge will in no 
way prejudice the acceptance of a manu
script. Billing will be handled directly by 
AIN; the Editor’s Office will not see these 
charges, nor be advised concerning the 
author’s payment or nonpayment of the 
page charge. A separate standard charge 
is made by the publisher for reprints, ex
cess tabular material and photoengraving, 
and for changes in proof that are con
sidered excessive or unnecessary.

Action to institute a page charge for 
publication in the Journal of Nutrition was 
taken at the April 1962 meeting of the AIN. 
Proceedings of this meeting are printed in

2 See footnote 1.
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the Journal of Nutrition, 78: 120-132 , 
1962.

Reprints. Reprint order forms and rates 
will be sent with page proofs. Anyone 
other than an author desiring reprints 
must have orders approved by the author, 
and give written assurance that (1 )  dis
tribution will be restricted to those inter
ested in the science of nutrition, and 
(2 )  no advertising or imprinting will be 
attached to the reprints thus furnished.

American Documentation Institute. To 
conserve space in the Journal, lengthy de
scriptions of experimental procedures, de
tailed data such as that on individual ani
mals or subjects, extra figures and other 
material considered important supplemen
tary information, may be deposited with 
the American Documentation Institute, 
Library of Congress, through the Editor’s 
Office with a footnote reference.

This Guide for Contributors has been reprinted and is avail
able upon request to the Editor or The Press of The Wistar 
Institute, 3631 Spruce Street, Philadelphia, Pa. 19104. 
It is recommended that you obtain copies for the use of 
secretaries, associates and students.
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