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ABSTRACT  Using Kodak Type A autoradiographic plates, autoradiograms were 
prepared of 20 to 25 tissues from adult m ale W istar rats killed 4 and 24 hours after 
feeding m ethionine-2-14C and 24 hours after feeding m ethionine-m ethyl-1JC. The 
autoradiographic method used perm itted the view ing on the same slide of the tissue 
alone, the autoradiogram alone and the tissue superimposed on its autoradiogram. With 
the exception of bone, all tissues produced autoradiograms at both time intervals; 
however, the 4-hour autoradiograms were m uch less intense than those produced after 
24 hours. Epithelial tissue and bone marrow produced very intense autoradiograms.
Muscle and connective tissue exhibited little activity. The uniform ity of labeling ob­
served when m ethionine-2-* 1 2'C and m ethionine-m ethyl-''C were fed is interpreted to 
reflect the broad distribution of m ethionine and its m etabolites in  tissue proteins and 
other m acrom olecules rather than the existence of selective priority sites for com ­
pounds formed from its m ethyl or a-carbon m oieties.

The quantitative requirem ents for amino 
acids for protein synthesis and the amino 
acid composition of tissues have been well 
established. However, few reports have 
appeared in the literature concerning the 
relative localization of an amino acid in 
different parts of a tissue. In the case of 
methionine, this is of particular interest, 
as its sulfur, 4-carbon chain, and labile 
methyl group follow other metabolic path­
ways in addition to general protein syn­
thesis.

It seemed worthwhile, therefore, to de­
termine whether the amino acid was uni­
formly distributed in certain tissues, or 
whether specific parts of organs assumed 
priority in  the uptake of the amino acid.

The development of an autoradiographic 
method for microsections of tissues per­
m itted viewing the stained tissue section 
and the autoradiogram  of the tissue sec­
tion separately and while superimposed on 
each other. This technique was used in 
the present study to investigate possible 
differences in  the autoradiographic pat­
terns of tissues of adult rats following 
adm inistration of methionine-2-14C or m e­
thionine-methyl-1̂  .

Autoradiographic techniques have been 
used after the injection of methionine-35S 
to study sulfur deposition in tissues (1 -3 ) ,

sites of protein synthesis (4, 5 ), methyl 
transfer to ribonucleic acid (6 ) , and pro­
tein metabolism (7, 8).

EXPERIMENTAL PROCEDURE

Following a 10-hour fast, adult, male 
rats of the W istar strain were fed by 
stomach tube 18 mg of either DL-methio- 
nine-2-14C or L-methionine-methyl-14C with 
specific activities of 0.57 and 1.84 m e ' 
mmole, respectively. The labeled methio­
nine was fed as a component of a semi- 
purified, homogenized diet which provided 
all of the essential nutrients required by the 
ra t (9 ) . Of 2 rats fed methionine-2-14C, 
one was killed 4 hours after the adm inis­
tration of the diets; the other at 24 hours. 
The ra t that received methionine-methyl- 
14C was killed 24 hours after feeding.

At the time of this investigation L-me- 
thionine-2-14C could not be obtained com­
mercially nor was it feasible to synthesize 
this compound in our laboratory. Differ­
ences in transport of the D-isomer of m e­
thionine would affect interpretation of 
localization patterns at early time intervals
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but would not be of significance after 4 or 
24 hours.

After the adm inistration of the diet, 
water was provided ad libitum. At the 
time of killing, the anim als were anesthe­
tized with ether and exsanquinated by car­
diac puncture. Tissues were removed 
quickly and fixed in Bouin’s solution. Fol­
lowing routine dehydration and paraffin 
embedding, autoradiogram s of tissue sec­
tions were made on Kodak Type A auto­
radiographic plates, using the method of 
Evans and McGinn (10).

Autoradiograms were made of 20 to 25 
tissues from each rat. Tissue sections were 
cut at a thickness of 8 a. After a suffi­
cient exposure time, which ranged from 6 
to 22 weeks in a light-tight box, the prepa­
rations were developed and stained with 
hematoxylin and eosin. Tissues from a 
control ra t fed a stock ration were exposed 
in the same manner.

RESULTS AND DISCUSSION

Gastrointestinal tract. Throughout the 
alim entary tract there was a heavy deposi­
tion of radiocarbon in the epithelial linings 
from the esophagus through the large in ­
testine. The mucosa exhibited more activ­
ity than other coats (figs. 1—3, 10 and 11); 
there was moderate activity in the subm u­
cosa and very little in  the muscularis. 
M easurement of the radiocarbon content 
of proteins isolated from the various seg­
m ents of the alim entary tract showed the 
highest incorporation of methionine to 
have occurred in duodenum and jejunum , 
both initially and after 4 and 24 hours.

In liver, at 4 hours, the autoradiogram 
was more intense in some areas around 
the larger vessels in the hepatic portal 
area, in others around the central vein. 
At 24 hours, radiocarbon was uniformly 
distributed in  hepatic lobules (fig. 12). 
We have dem onstrated previously that sig­
nificantly smaller concentrations of the 
a-carbon of methionine than  its methyl 
carbon occur in liver 16 to 30 minutes 
following the adm inistration of an aque­
ous solution of m ethionine and 24 hours 
after the feeding of m ethionine as a com­
ponent of a semi-purified diet (11). The 
heavier deposition of radiocarbon around 
hepatic vessels at 4 hours may represent 
m ethionine or a compound containing its

a-carbon prior to entry into blood vessels 
for transport to cells. Zbarskii and Pere- 
voshchikova (8 )  and Leblond and co­
workers (4 )  have observed that the rate 
of inclusion of labeled m ethionine into 
proteins of cell nuclei of norm al liver is 
below that occurring in proteins of the 
whole tissue.

Activity was generalized in  the cells of 
pancreatic acini. No difference was de­
tected in the uptake of radiocarbon in  the 
islets versus other pancreatic tissue. Meas­
urem ents of radiocarbon at various time 
intervals in the whole tissue showed a 
very high accum ulation of 14C at 30 m in­
utes which fell to low levels at 4 and 24 
hours. As these data paralleled activities 
in pancreatic proteins isolated from the 
tissue at these same intervals,3 it was con­
cluded that m ethionine was used for the 
synthesis of pancreatic secretions of a pro­
tein nature. Leblond and co-workers (4 ) 
have dem onstrated that the synthesis of 
these pancreatic secretions is localized in 
the zymogen granules of acinar cells, 
which serve as precursors of pancreatic 
enzymes. Four hours following the injec­
tion of methionine-35S these investigators 
observed an intense autoradiographic re­
sponse of the m aterial in  the lum en of 
excretory ducts of pancreatic tissue of rats.

In the submaxillary gland, activity was 
also uniformly distributed. More radio­
carbon was present in  the serous secretory 
units than  in  mucous secretory units. 
After incubation of salivary gland from 
Smittia  sp. (D iptera) with methionine- 
methyl-1JC, Sirlin and co-workers (6 ) 
observed about the same am ount of acid- 
insoluble label per unit area in  the 
nucleolus, chromosomes and cytoplasm. 
Radioactivity was not due on the whole 
to m ethionine bound to RNA but was in 
RNA itself. Their results suggested a di­
rect transfer of methyl-14C from m ethio­
nine to nucleolar RNA.

Reproductive system. At 24 hours, in 
the testis activity was observed in  the 
seminiferous tubules, in interstitial tissue, 
and in extravasated fluid in  the periphery 
of the organ. Testicular tissue at 4 hours 
produced a very fain t autoradiogram ; the 
tissue between tubules, however, was not 
active. The autoradiograms produced by

3 Edwards et al., unpublished data.
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spermatogonia and prim ary spermatocytes 
appeared to be more intense than  those of 
other spermatogenic cells (fig. 13).

At 4 hours, in the prostate, there was 
activity in the alveolar cells and none in 
the secretion. Both alveolar cells and se­
cretion contained radiocarbon at 24 hours. 
W hen methionine-2-14C was administered, 
where the secretion stained pink, an in ­
tense autoradiogram  was produced. In 
those alveoli where the secretion stained 
blue, a lighter autoradiogram  occurred 
(fig. 14). In the prostatic tissue of the 
ra t fed methionine-methyl-14C, there was 
no variation in  the staining of the secre­
tion, and radiocarbon appeared to be un i­
formly deposited in  the alveoli.

Respiratory and excretory systems. The 
epithelial lining of the trachea was very 
radioactive at 4 and 24 hours after adm in­
istration of methionine-2-“ C (figs. 1, 2 
and 3). Activity was uniformly distrib­
uted in lung alveoli.

In kidney, more activity was observed 
in the renal cortex than  in the medulla 
in all rats. After 4 hours, the autoradio­
gram was light. The bulk of the activity 
was observed in the uriniferous tubules, 
with glomeruli appearing as pale areas in 
some instances (figs. 4 -6 ) . The appear­
ance of greater activity in  these tubules 
may represent the presence of radiocarbon 
prior to its excretion in urine, rather than 
actual tissue uptake of labeled methio­
nine.

Activity in the urinary bladder was con­
centrated in the epithelial lining and 
desquamated epithelium in the lumen.

Endocrine system. The autoradiogram  
was intense, and activity was uniformly 
distributed in  all zones of the adrenal 
cortex. The m edulla had little activity 
(fig. 7). The cortex is the site of synthe­
sis of 26 or more adrenal hormones. It is 
well known that epinephrine is produced 
in the medulla, and that it receives a 
methyl group from m ethionine. The in ­
tense autoradiogram  produced over the 
adrenal cortex may indicate the utilization 
of m ethionine for synthesis of other ad­
renal hormones, as well as its utilization 
for general tissue synthesis.

Autoradiograms of pituitary showed 
dense uptake of m ethionine in  the anterior 
lobe, moderate distribution in the in ter­

m ediate lobe, and light deposition of the 
radiolabel in the posterior lobe (fig. 17). 
In both adrenal and pituitary, the differ­
ence in autoradiographic patterns within 
the tissue may reflect different rates of 
turnover of protein components.

In the thyroid, radiocarbon was local­
ized in the cells of the follicles in all rats. 
The colloid was devoid of activity (figs. 1, 
2 and 3). In contrast, Leblond and co­
workers (4 )  have observed intense auto­
radiogram s over the colloid of most thy­
roid follicles when 35S-methionine was 
injected. Merkulov (2 )  has reported that 
35S-methionine is localized in  thyroid tissue 
via the process of protein secretion into 
the follicular volume followed by resorp­
tion.

At both 4 and 24 hours, the distribution 
of activity in thymus was uniform.

Circulatory system. Radiocarbon was 
evenly deposited in heart muscle and con­
nective tissue. Activity in this organ was 
light. Blood cells and plasm a in several 
of the organs appeared radioactive for all 
animals. Blood vessels were radioactive 
in  m any organs. A heavy concentration 
of radiocarbon was observed in spleen. 
The red pulp appeared to be more active 
than the splenic nodules. Bone m arrow 
was very radioactive; however, bone tissue 
was free of activity (fig. 15). Similar re­
sults for bone and bone m arrow have been 
reported by Leblond and co-workers (4 ) .

The intense autoradiogram  produced by 
bone m arrow was correlated with other 
data which dem onstrated the occurrence 
of high concentrations of radiocarbon at 
30 m inutes, 4 and 24 hours (9, 11-13) 
in this tissue. The ra t appears to incor­
porate into bone marrow tissue, and its 
isolated protein, compounds originating 
from DL-methionine-methyl-'4C equally as 
well as those from its L-isomer. One pa th ­
way for the utilization of the methyl group 
of m ethionine is for the synthesis of thy­
mine, a component of deoxyribonucleic 
acid (DNA). Cells rich in  nuclear m ate­
rial, such as those in bone marrow, have 
larger concentrations of DNA.

Other tissues. Very little activity was 
observed in muscle. The radiocarbon pres­
ent was distributed uniform ly (figs. 1-3 
and 10). As indicated previously, no ac­
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tivity could be detected in bone or carti­
lage (figs. 1-3 and 15).

In skin (figs. 7 -9 ) , at 24 hours radio­
carbon was concentrated in  hair and hair 
follicles, producing an intense autoradio­
gram. Some activity was observed in the 
epithelium  and blood vessels of skin. 
After 4 hours, there was very slight 
indication of activity in these structures. 
Leblond (4 )  has observed intensely radio­
active hair follicles following the injection 
of methionine-3sS in  rats.

It has been dem onstrated by du Vig- 
neaud and his co-workers (1 4 ) that the 
sulfur of methionine, but not its carbon 
chain, is utilized in  the synthesis of cys­
tine. These autoradiogram s, therefore, 
dem onstrate only the presence of m ethio­
nine in hair and hair follicles, ra ther than 
m ethionine and cystine.

In comparison with other tissues, the 
deposition of radioactivity in  brain was 
light. Activity was heaviest in the granu­
lar layer of cerebellum, moderate in the 
m olecular layer, and light in the white 
m atter (fig. 18).

No autoradiogram s were produced by 
any of the non-radioactive tissues exposed 
to autoradiographic plates.

Epithelial linings and glandular tissues 
such as liver, adrenal, pituitary, and pan­
creas, which are composed m ainly of 
epithelial cells, exhibited m uch more ac­
tivity than did other tissues. Epithelium 
has a marked capacity for regeneration; 
the rapid active mitotic proliferations 
could be a factor to explain the high up­
take of the amino acid. Leblond et al.
(4 )  and Bélanger (5 ) have reported simi­
lar observations and attribute the intense 
staining of epithelium and bone marrow 
to the high rate of cell production by 
these tissues.

The existence of radiocarbon in all tis­
sues, except bone, indicates that protein 
synthesis is widespread in  contrast with 
being limited to a few specific tissues. 
Leblond and his colleagues (4 )  arrived 
at sim ilar conclusions. As they observed 
no activity or slight activity over nuclei, 
these workers concluded that the cyto­
plasm of all observed cells ra ther than 
nuclei may synthesize protein.

The absence of significant concentra­
tions of radiocarbon in  bone m ay be due

to the low turn-over rate of this tissue. 
The patterns of deposition of radiocarbon 
were similar when methionine-2-14C or 
methionine-methyl-14C supplied the source 
of radiocarbon. Also, the positions of lo­
calization of activity in  tissues 4 hours 
after adm inistration of the radiom ethio­
nine were the same as for tissues taken 
after 24 hours; however, the latter tissues 
contained m uch more radiocarbon.

It is well known that the methyl group 
of methionine may undergo a large num ­
ber of metabolic transform ations, both via 
transm ethylation and 1-carbon m etabo­
lism. Similarly, the carbon skeleton of 
the amino acid is subject to a variety of 
reactions, although the products are less 
well defined. The compounds resulting 
from these transform ations m ay then be 
incorporated into m any types of m acro­
molecules. It appears likely, however, that 
the uniform ity of labeling observed in 
most tissues reflects, primarily, the incor­
poration of m ethionine and am ino acids 
formed from its methyl and a-carbons into 
protein. In addition to the labeling of 
protein, the various metabolic products 
containing the radiolabel m ay be distrib­
uted randomly in  tissues.
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P L A T E  1

The figures in  plate 1 are shown in sets of three. The tissue alone is 
shown in  the first colum n; in  the second colum n, the tissue is super­
im posed on its autoradiogram; in  the third colum n appears the autoradio­
gram only of the tissue shown in the first colum n. X 16. The tissues are 
from a rat killed 24 hours after feeding DL-methionine-2-1'1C.

1,2,3 Cross section through thyroid region showing thyroid ( th y ) , trachea  
(tra ) and esophagus (e so ). Note the heavy activity in  the epithe­
lia l lin ing of trachea and esophagus and in m ucous glands outside 
trachea. There is moderate activity in  the thyroid and less in  
m uscle. Note the com plete absence of activity in  cartilage.

4,5,6 Kidney. Radioactivity is heavy in  the cortex, moderate in  the 
m edulla.

7,8,9 Skin. Radioactivity is concentrated in hair follicles. There is mod­
erate activity in  the surface epithelium  and blood vessels.
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P L A T E  2

All figures shown in plate 2 are photographs of the tissue section superimposed on 
its autoradiogram. X 16. The tissues were taken 24 hours follow ing feeding of methio- 
nine-2-HC (1 1 -1 4 , 18) and m ethionine-m ethyl-'“C (10 , 1 5 -1 7 ).

10 Stomach. There is heavy activity in  the m ucosa, light activity in  the subm ucosa 
and m uscularis.

11 Large intestine. There is heavy activity in  the m ucosa, light activity in  the 
subm ucosa and m uscularis. Note that the fecal m aterial in lum en is also radio­
active.

12 Liver. There is a heavy deposition of radiocarbon uniform ly distributed through­
out liver.

13 Testis. There is moderate activity in the tubules. Note the heavy activity in  the 
fluid near the periphery of the organ.

14 Prostate. There is a heavy deposition of radiocarbon in  the secretion found in  
some of the alveoli whereas there is only a moderate am ount in  others.

15 Bone (longitudinal section ). Bone marrow is very radioactive, whereas bone is 
devoid of activity. There is light-to-moderate activity in  the m uscle adhering to 
bone.

16 Adrenal. There is heavy activity in  the cortex, moderate activity in  the m edulla.

17 Pituitary. There is heavy activity in  the anterior lobe, moderate activity in  the 
interm ediate lobe and light activity in  the posterior lobe.

18 Brain. Activity is heaviest in the granular layer of the cerebellum , moderate in  
the m olecular layer and light in  the w hite matter.
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ABSTRACT  Doses of crystalline vitam ins D2 and D 3 ranging from 3 IU /d ay  vitam in  
D2 and 40 IU /d ay  vitam in D3 to 40,000 IU /d ay  of each vitam in were administered  
daily to chicks fed a rachitogenic diet and the effects were noted on body weights, 
serum calcium  and phosphorus, tetracycline uptake and bone microradiographic ap­
pearance. Although body w eight and bone weight data indicated that vitam in D3 was 
approximately 10 tim es more toxic than vitam in D2 (about the same as the anti­
rachitic potency difference), relative toxicity ratios could not be estim ated from the 
effects on serum calcium  level, or on bone ash. At all dose levels except at 40,000  
IU /day, the vitam in D3 gave a higher percentage of bone ash than vitam in D 2. No 
tetracycline was taken up by bones of chicks given 40,000 IU /day of vitam in D3 ind i­
cating no new bone deposition and a high degree of resorbing activity in these bones.

In a recent study (1 ) of the effects of 
crystalline vitam ins D2 and D3 on the bone 
ash, and serum calcium and phosphorus 
levels in rachitic chicks, it was observed 
that the antirachitic potency of vitamin 
D3 was 8 to 11 times greater than that of 
vitam in D2 in  effecting partial (50%  ) 
healing. This observed efficacy ratio was 
smaller than most previously reported 
ratios. A qualitative difference also was 
noted, in  that this potency or efficacy 
ratio apparently increased as an attem pt 
was made to effect more complete healing 
of rickets.

Since the D vitam ins produce toxic ef­
fects, including hypercalcemia, when ad­
ministered in large doses, the investiga­
tion of their relative potencies in chicks 
has been extended to include the “toxic” 
dose range in  order to evaluate whether 
the potency difference between vitam ins 
D2 and D3 continues to hold. As was true 
for anti-rachitic doses of vitam in D, few 
data are available concerning serum cal­
cium and phosphorus changes in  a sys­
tematic dosing schedule utilizing the crys­
talline vitamins.

In the present study, doses of crystalline 
vitam ins D2 and D3 ranging from 3 IU / 
day vitamin D2 and 40 IU /day vitam in D3 
up to 40,000 IU /day of either vitam in were 
adm inistered daily to chicks fed a rachito­
genic diet; the effects were noted on body

weights, fat-extracted bone weight, serum 
calcium and phosphorus levels, percent­
age of bone ash, tetracycline uptake and 
the m icroradiographic appearance of long 
bone shafts.

METHODS

The experim ental schedule for produc­
ing rachitic chicks has been described pre­
viously (1 ) . Male, W hite Leghorn chicks 
(Mt. Hope Queens) were obtained at one 
day of age and separated into groups of 8 
to 14 animals. They were kept in  a room 
from which all ultraviolet irradiation was 
excluded by red cellophane and were fed a 
commercial “rachitogenic chick test diet” 
(1.43% calcium, 1.10% phosphorus).2

After the chicks had been fed this rach i­
togenic diet for 21 days, each chick was 
intubated daily with 0.1-ml doses of se­
same oil with either nothing added (rach i­
tic control), or containing graded doses of 
vitam in D2 (3, 10, 40, 100, 1000, 10,000 
and 40,000 IU /day) or vitam in D3 (as 
above but starting with the 40 IU /day  
level).3 T reatm ent was continued for 14 
days and the birds were weighed at inter-

Received for publication April 22, 1965.
1 This paper is based on work performed under 

contract with the United States Atomic Energy Com­
mission at the University of Rochester Atomic Energy 
Project, Rochester, New York.

2 General Biochemicals Inc., Chagrin Falls, Ohio.
3 Crystalline vitamins D2 and D.i purchased from 

Mann Research Laboratories, Inc., New York.

148 J .  N u t r i t i o n ,  8 7 : ’6 5



V IT A M IN  D H Y PE R C A L C E M IA  IN  CHICK S 1 4 9

vals. Three birds from each group were 
then injected intram uscularly with 10 mg 
tetracyline 4 38 to 42 hours prior to killing. 
Food was withdraw n 24 hours prior to 
killing.

The chicks were decapitated and blood 
was w ithdrawn from the severed neck. 
Serum calcium and serum phosphorus 
levels were analyzed by methods referred 
to previously (1 ) . The 2 tibia from each 
chick were dissected out; one was analyzed 
for percentage of bone ash, the other was 
fixed in absolute ethanol for microradiog­

raphy and exam ination of fluorescence. 
The ethanol was replaced by methyl m eth­
acrylate monomer for 24 hours and then 
each bone was imbedded in polymerized 
methyl methacrylate. Sections (approxi­
mately 100 u) were cut from each tibia by 
a diamond saw. These sections were 
photographed under ultraviolet light to de­
term ine the localization of tetracycline flu­
orescence, using a Zeiss microscope fitted 
with 35 m m  cam era and 6.5 X objective

4 L iq u am y c in  (o x y te trac y c lin e -H C l. 50 m g /c m 3), 
C h arle s  P fizer a n d  Co., N ew  York.

DAILY D O SE  (I.U.)
Fig. 1 Effect o f vitam ins D2 and D3 on: (to p ) serum calcium  level; (m idd le) serum  

phosphorus level; and (bottom ) % bone ash. Calcium  and phosphorus values given as 
m eans ±  s e .
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(prim ary filter UG 1, secondary filter no. 
50, film: Kodak high speed Ektachrome, 
A.S.A. 160). Six-minute exposures were 
used.

M icroradiographs were prepared accord­
ing to the usual procedures. Kodak type 
649-0 Spectroscopic Plates (1"  X  3" X 
0.040") were exposed for 10 m inutes us­
ing these settings: filament, 2.55 amp; 
high voltage, 1200; plate current, 20 ma. 
The plates were developed for 5 m inutes 
in  Kodak D-19, and fixed for an equal 
period of time.

RESULTS

Although firmly established and ac­
cepted as a reliable indicator of antirachi­
tic activity of vitam in D, the percentage

bone ash does not appear to be a reliable 
indicator of the toxic effects of vitam in D. 
The percentage bone ash levels off at vita­
m in D2 doses above 400 IU /day  (fig. 1, 
bottom) and is the same even at the hig- 
est dose of 40,000 IU /day. W ith vitam in 
D3 the percentage values of bone ash 
were consistently higher than  those ob­
served with vitam in D2, but did decrease 
at the highest dose of 40,000 IU /day  to a 
value approximately that observed with 
vitamin D2.

Growth, as indicated by final body 
weights, clearly pointed to the deleterious 
effects of the higher vitam in D dosages, 
as shown in figure 2 (bottom ). These 
deleterious effects are also reflected in 
the average extracted bone weights shown

DAILY DOSE (I.U.)
Fig. 2 Effect of vitam ins D2 and D3 on: (to p ) tibia weight; and (bottom ) final body 

weights. Body weights given as m eans ±  s e .
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in the same figure 2 (top ). It appears from 
both of these param eters that vitam in D3 
was more potent (or toxic) than  vitam in D2 
by an order of m agnitude, or roughly, the 
same as their relative antirachitic poten­
cies (1 ) .

The differences noted with serum phos­
phorus levels also pointed to a potency 
ratio of about 10 (fig. 1, m iddle). At dos­
ages above 10,000 IU /day  vitam in D2 and 
400 IU /day  vitam in D3, the hypophospha­
témie effect is clearly evident.

At the higher dosages of the D vitamins, 
the serum  calcium  levels reached a pla­
teau of over 16 m g/100 ml and were not 
a variable function of the dosage given. 
Thus, by itself, the hypercalcemia result­
ing from excess doses of vitam in D ap­
pears to be a poor indicator of the overall 
biologic effects observed.

Fig. 3 Bone from rachitic control chick; A. m i­
croradiograph; and B. tetracycline uptake.

Differences in  bone density and reactiv­
ity are evident in m icroradiographs and 
fluorescence photographs of tetracycline 
uptake. Under ultraviolet illum ination 
areas of tetracycline uptake showed a 
golden yellow fluorescence which was in 
sharp contrast with the norm al dull bluish 
“autofluorescence” of bone tissue itself.

Cortical bones from rachitic chicks dem ­
onstrated the typical m icroradiographic ap­
pearance shown in figure 3A, with subperi­
osteal rarefaction and the presence of a 
loose network of intra-m edullary mineral. 
In this case the intra-m edullary bone was 
more noticeable than  in  a previously 
published microradiograph of rachitic 
chick bone (1 ) . Tetracycline was avidly 
deposited in the rachitic bone (fig. 3B), 
most heavily in the outer “periosteal” area.

Fig. 4 Bone from chick receiving vitam in D:j, 
40 IU /day; A. microradiograph; and B. tetracy­
cline uptake.
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In m any of the interm ediate dose groups, 
tetracycline deposited in a characteristic 
sharply defined periosteal ring. An ex­
ample is the group given 40 IU /day vita­
m in D3 which had the microradiographic 
appearance shown in figure 4A. Minerali­
zation appeared relatively uniform  across 
most of the shaft with rarefaction of outer 
cortex. However, the sharply defined endo­
steal surface should be noted. Tetracy­
cline uptake by this bone showed rather 
sharp dem arcation between an outer zone 
which took up tetracycline and an inner 
zone which did not (fig. 4B).

Even more pronounced was the defini­
tion observed at 4000 IU /day vitam in Ds, 
where the microradiographs showed rela­
tively uniform  m ineralization all the way 
across the shaft (fig. 5A), whereas tetra­
cycline uptake by the bone (fig. 5B) showed

Fig. 5 Bone from chick receiving vitam in D 3, 
4,000 IU /day; A. microradiograph; and B. tetra­
cycline uptake.

Fig. 6 Bone from chick receiving vitam in D3, 
40,000 IU /day; A. microradiograph; and B. tetra­
cycline uptake.

that only a thin outer shell of cortical bone 
was capable of picking up the tetracycline.

At the highest dose level, 40,000 IU /day 
vitamin D:J practically no tetracycline de­
position could be observed (fig. 6B) com­
pared with the other groups and the bone 
appeared extremely “punched out” with 
m any resorption cavities and sharp end­
osteal and periosteal surfaces (fig. 6A).

DISCUSSION

The microradiograph of rachitic bone 
(fig. 3A) clearly shows pronounced sub­
periosteal rarefaction and also a loose net­
work of bone within the m arrow cavity. 
The latter observation indicates that in  
rickets caused by vitam in D deficiency 
there was im paired resorption of the in ­
terior bone simultaneous with im paired 
deposition of new m ineral superiosteally.
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In some groups, tetracycline deposited 
in a ra ther sharply defined ring, concen­
tric to and surrounding an inner much 
less reactive ring. This phenom enon may 
be due to the fact that the vitam in D treat­
m ent was instituted after only 3 weeks of 
feeding the rachitogenic diet, and the dif­
fering reactivities of inner and outer cor­
tex reflected the differences between 
bone laid down with, and bone laid down 
without, the presence of vitam in D.

In a comparative study of cod liver oil 
(presum ably vitam in D3) and irradiated 
ergosterol or vitam in D2, Correll and Wise 
(2) reported that cod liver oil had little ef­
fect on serum calcium, serum phosphorus 
and percentage bone ash at doses between 
3 and 25,000 IU /day  even though 19 of 
the 20 birds in the latter group died and
15,000 IU /day were considered by them  
to be the toxic level on the basis of exter­
nal appearance and growth. Furtherm ore, 
cod liver oil did not affect serum phos­
phorus levels as did vitam in D2. It there­
fore appears that in their experim ents the 
other constituents of cod liver oil (includ­
ing possibly vitam in A) were mitigating 
the expected toxic effects of the vitamin 
Ds present.5

The actions of vitam in D on both the 
intestine (prom oting calcium absorption) 
and bone (prom oting m ineral resorption) 
are shown in the composite figure 2. Thus, 
with doses of vitam in D up to 1000 u n its / 
day, the serum  calcium increased with 
dosage, whereas both the percentage bone 
ash and extracted bone weight also in ­
creased. Therefore, the increased serum 
calcium m ust have been of dietary origin.

At doses greater than  1000 un its/day  
the serum calcium rem ained high but the 
percentage bone ash leveled off, whereas 
extracted bone weight decreased. From 
growth curves, it was observed that the 
chicks given high vitam in D3 (40,000 
u n its /d ay ) gained weight up to 27 days 
and then lost weight from that time. 
Therefore, m ineral and m atrix  m ust to­
gether have been undergoing dissolution.

The relative non-proportionality between 
serum calcium and dose of hypercalcemic 
sterol has been reported previously with 
studies in rats using vitam in IT, dihydro- 
tachysterol and Hytakerol (3 ) .6 A marked 
increase in  serum phosphorus was ob­

served, presumably due to renal failure. 
In contrast, chicks apparently did not de­
velop the excessively high serum phospho­
rus levels but their serum calcium concen­
trations nevertheless leveled off with high 
doses of vitam in D just as observed with 
rats.

The basic conclusion of this study, then, 
is that vitam in D:, possesses greater potency 
than  vitam in D2 in the chick at hypercal­
cemic and toxic levels. Although the se­
rum  calcium response to doses above 
1000 u n its/day  was roughly equivalent, 
the percentage bone ash (except for the
40,000 IU /day  vitam in D3) was consis­
tently higher than any vitam in D2 re­
sponse.

It is difficult, however, from these 
param eters to assess a potency ratio be­
tween the 2 forms of vitam in D. From 
final body weights and the average ex­
tracted bone weights, as well as serum 
phosphorus responses to doses above 1000 
un its/day , it appears that vitam in U> is 
roughly 10 times more effective than  vita­
min Di which approximates the an tira­
chitic “efficacy ratio” reported previously 
( 1 ) .

The results with tetracycline uptake 
were especially interesting. Tetracyclines 
form chelate complexes with calcium and 
other divalent cations (4 )  and when in ­
jected in vivo, deposit on sites of bone 
m ineralization (5 ) , largely to growing sur­
faces. Once buried by m ineral accretion 
the removal of such tetracycline could not 
occur, but if the deposition site is inactive 
or resorbing (6 )  then removal can take 
place. Thus, it appears that the bones of 
a chick receiving 40,000 IU /day  vitam in 
Ds are undergoing such trem endous re­
sorbing activity that the tetracycline either 
cannot bind or, if bound, is easily removed 
as the blood concentration of tetracycline 
decreases following injection. The excep­
tionally spongy appearance in m icroradio­

5 U n p u b lis h e d  d a ta ,  H. B. B o sm a n n  a n d  P. S. C hen ,
J r .,  1965. x ,

6 M ark e te d  by  W in th ro p  L a b o ra to r ie s , N ew  Y ork; 
in  1961 th is  w as  la b e led  as “b ra n d  o f d ih y d ro tach y - 
s te ro l in  sesam e  o il” ; “ 1 cm 3 c o n ta in s  th e  e q u iv a le n t 
of 1.25 m g  c ry s ta l l in e  d ih y d ro ta c h y s te ro l.” O n th e  
b a s is  o f p h a rm a c o lo g ic a l ( re fe re n c e  3 )  a n d  p h y s ico ­
c h e m ic a l te s ts  (T e re p k a , A. R ., C hen , P. S., J r . an d  
B. Jo rg e n se n , E n d o c rin o lo g y , 6 8:  9 9 6 ) i t  w as  sh o w n  
th a t  th e  a c tiv e  p r in c ip le  w as  p ro b a b ly  d ih y d ro v ita m in  
D 2-II, a  co m p o u n d  iso m e ric  w ith  d ih y d ro tac h y s te ro l 
b u t w h ic h  possesses  on ly  one-fifth  to  o n e -s ix th  o f th e  
h y p e rc a lce m ic  p o ten cy  o f th e  la t te r  s u b stan ce .
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graphs of bones from  chicks fed at the 
highest dose level of vitam in Ds is consis­
tent with such a degree of resorbing ac­
tivity.
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ABSTRACT  W eanling germfree m ale rats were fed a sf mi-purified diet com plete 
except for being free of vitam in K and containing only approximately 0.4 IU of vita­
m in A activ ity /g . V itam ins A and Ki were adm inistered separately, vitam in A to the 
am ount of zero, 5, 50, 200 and 2000 IU /day, and vitam in K iirst at a level of 2 /¿g/day, 
later to the am ount of 0.5 fig/day. A daily intake of 0.5 ttg/day allowed only a lim ited  
lifespan before the rats died w ith all the sym ptom s of the hemorrhagic syndrome 
typical of a vitam in K deficiency. Compared w ith the survival tim e observed w ith  
vitam in A intakes usually considered adequate, lifespan was shortened by a daily 
intake of 2000 IU /d ay , possibly shortened at an intake level of 20C IU, and definitely 
prolonged w ithout vitam in A supplem entation. This last group of rats demonstrated  
reduced growth associated w ith the low  vitam in A intake, presum ably leading to a 
lower requirem ent for vitam in K. It was concluded that in  the usual range of vitam in  
A intake for germfree rats fed the diets com m only used in  germfree experim entation, 
no effect of vitam in A intake upon vitam in K requirement is demonstrable. When 
vitam in A intake exceeded the optim um  by a factor of 10 or more, an antagonism  
between vitam ins A and K becam e apparent.

Hypervitaminosis A in  the conventional 
ra t results in  hypoprothrom binem ia and 
frequently death caused by hemorrhaging. 
The symptoms can be alleviated by the 
adm inistration of vitam in K ( 1 ). Recently 
M atschiner and Doisy (2 )  dem onstrated 
that the level of dietary vitam in A in the 
conventional ra t is related closely to the 
development of symptoms of a vitam in K 
deficiency, i.e., under appropriate experi­
m ental conditions reduced prothrom bin 
concentrations occurred when the ra t re­
ceived 0.5 and 5 IU of vitam in A./g of 
vitam in K deficient diet, but with corre­
sponding rations deficient in  vitam in A no 
such depression was observed. The m ech­
anism  whereby the level of vitam in A 
accounts for hypoprothrom binem ia and 
hem orrhaging when conventional rats re­
ceive adequate or suboptimal am ounts of 
vitam in K is not known. Quick and Ste- 
fanini (3) theorized that excessive amounts 
of vitam in A m ight interfere with synthe­
sis of vitam in K by the flora.

Nutritional studies in this laboratory on 
the am ounts of vitam ins Ki and K3 required 
by the germfree ra t (4 )  raised the ques­
tion whether a fluctuation of vitam in A 
levels between 300 and 700 IU /100 g diet 
due to diet sterilization and subsequent 
storage in germfree isolators, had influ­

enced our results. Experim ents using 
germfree rats were designed to answer the 
above question and to determ ine whether 
results sim ilar to those of M atschiner and 
Doisy (2 ) could be obtained in  the ab­
sence of microbial flora, ruling out an 
intestinal flora alteration as the cause of 
hypoprothrombinemia.

MATERIALS AND METHODS

Lobund-strain germfree w eanling male 
rats of W istar origin were used in  all 
experiments. One week prior to weaning, 
the litters were fed diet L-467E-15,3 a semi- 
purified diet (table 1) complete except for 
being deficient in  vitam in K and contain­
ing approximately 0.4 IU vitam in A ac­
tiv ity /g  (0.1 IU as vitam in A plus 0.3 IU 
as carotene).4 The diet was steam  steri­
lized for 25 m inutes at 123°. W eanling 
males were placed in stainless steel screen 
cages w ithin the Reyniers system, and 
provided with filter paper bedding. Diet

R eceived  fo r  p u b lic a tio n  F e b ru a ry  5, 1965.
1 T h ese  s tu d ie s  w e re  su p p o rte d  by  a g ra n t  fro m  th e  

N u tr i t io n  F o u n d a tio n  a n d  by  g e n e ra l su p p o rt fro m  
th e  N a tio n a l In s t i tu te s  o f  H e a lth  a n d  fro m  th e  U n i­
v e rs ity  o f N o tre  D am e.

2 St. M ary ’s C ollege, N o tre  D am e, In d ia n a .
3 D ie t u sed  in  in i t ia l  e x p e r im e n t ( r e s u l ts  in  fig. 1) 

c o n ta in e d  v ita m in -f re e  c a s e in  e x tra c te d  in  th is  la b o ­
ra to ry .

4 C h em ica lly  a n a ly ze d  a s  o u tl in e d  by  D. B. P a rr ish , 
R ep o rt o f V ita m in  A in  M ixed  F eeds, J. A ssoc. Off. 
Agr. C h em ists , 41: 593, 1958.

J .  N u t r i t i o n , 8 7 : ’6 5 155
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T A B L E  1

Composition of semi-purified diet L—467E—15

Casein, extracted 1 
Peanut oil 
L a d (e k ) -4 8 2 
DL-Methionine 
dl-a-T ocopherol

%
24.0

5.0
2.0 
0.4 
0.01

i-Inositol
Vitam in B m ix 75R 
M inerals L -2  
Powdered cellulose 3 
Rice starch, extracted

%
0.1
0.5
5.0
5.0 

58.0

M inerals L -2
9

Vitam in B mix-75R
mg

CaCOs 1.5 Thiam ine 6.0
CaHPOi 0.275 Riboflavin 3.0
K2HPO4 1.125 Nicotinam ide 5.0
N a2HPO„ 1.0 N icotin ic acid 5.0
NaCl 0.25 Ca pantothenate 30.0
KI 0.00375 Choline chloride 200.0
M gS04-H20 0.375 Pyridoxine-HCl 2.0
M nS04 H20 0.0625 Pyridoxam ine dihydrochloride 0.4
F e(C 6H50 7) 2 0.375 Biotin 0.1
C uS04 0.0192 Folic acid 1.0
CoC12-6H20 0.0025 p-aminobenzoic acid 5.0
ZnSC>4-H20 0.005 0.1 Trituration vitam in B i2
N a2B4O7-10H2O 0.0025 in  m annitol 25.0
A1K(S04) 2-12H20 0.00375 Extracted rice starch 

carrier

L ad(ek)-48 2 
Vitam in A (aceta te) 4 
Vitam in D (calciferol) 
Peanut oil to 2.0 g

217.5

0.274
0.0025

1 L abco , T h e  B o rd en  C o m p an y , N ew  Y ork.
2 L a d (e k )  is  a te rm  co in ed  by  th is  la b o ra to ry  to  d e s ig n a te  fa t-so lu b le  v ita m in  m ix tu re s .
3 C e llo p h an e  S p an g le s , M icro fib re , In c ., P a w tu c k e t , R hode  Is la n d .
4 O m itted  in  th e se  s tud ies.

L-467E-15 and w ater were available ad 
libitum. Limited production of germfree 
male rats necessitated bringing various 
groups of anim als into the system over a 
period of several weeks. This accounts for 
differences in  starting time in  the first ex­
perim ental series, the combined data of 
which are shown in figure 1.

Aliquots of crystalline vitam in A ace­
tate 5 and vitam in K i6 were dissolved in 
peanut oil. The peanut oil itself was vir­
tually devoid of vitam in A, containing on 
the order of 0.2 ug of c a ro ten e /g 7 (p re­
sumably corresponding to approximately 
0.3 IU vitam in A) and was free of vitam in 
K (4 ) . The m ixtures were filtered through 
a G. S. Millipore filter (0.22-u pore size) 
with a glass fiber prefilter. The flasks of 
oil were sealed in  a flame, sterilized in  the 
entry port of the isolator for 20 m inutes 
with 2% peracetic acid containing 0.1% 
N accona l8 and then taken inside the Rey- 
niers system.

In the first prelim inary series the wean­
ling m ale rats were divided into 4 groups, 
each group being housed in  a separate wire

cage. Animals of each group were fed by 
tuberculin syringe 0.2 ml of the vitam in 
A and Ki supplem ent in  peanut oil per day. 
The supplement of vitam in A am ounted to 
5, 50, 200 and 2000 IU /day for the re­
spective 4 groups (referred to hereafter as 
5A, 50A, 200A and 2000A). The am ount 
of vitam in Ki was initially 2 ug daily. As 
the experim ent proceeded this was reduced 
to 1.0, 0.5 and finally to zero m icrograms 
per day (fig. 1). The progressive decrease 
in vitam in Ki was necessary since at even 
the highest levels of vitam in A hem or­
rhagic death rarely occurred when 2 ug 
vitam in Ki were given daily.

In 2 subsequent series each anim al re­
ceived a daily supplem ent of 0.5 ug v ita­
m in Ki and zero, 5, 50, 200 or 2000 IU of 
vitam in A. In the last experim ental series, 
designed to study the gain in  body weight 
of germfree rats fed diets containing low

5 N u tr i t io n a l  B io ch em ica ls  C o rp o ra tio n , C lev e lan d .
6 See fo o tn o te  5.
7 F le is c h m a n n  L a b o ra to r ie s , S ta m fo rd , C o n n ec tic u t, 

p e rs o n a l co m m u n ic a tio n .
3 S od ium  a lk y la ry ls u lfo n a te , o b ta in e d  f ro m  F is h e r  

S c ien tific  C om p an y , C hicago.
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WEEKS ON SUPPLEMENT

Fig. 1 Effect of vitam in A and vitam in K supplem entation on survival in  the m ale
w eanling germfree rat fed v itam in K-free diet L-467E-15. Key:----»—  life  span of anim al
fed specific v itam in A supplem ent and given decreasing supplem ents of vitam in Ki as
in d ic a te d ;--------------- , life  span of anim al transferred directly from  2 fig v itam in K i/day
supplem ent to vitam in Ki-unsupplemented diet. Anim als entered the various v itam in K 
supplem ent groups at different tim es in  the experim ent (see  tex t).

levels of vitam in A, daily supplements of 
0.5 pg vitam in Ki and zero, 5, or 50 IU 
of vitam in A were given.

In  all experim ents survival time or 
hem orrhagic death was a m ain criterion. 
W henever anim als were killed, prothrom ­
bin times were determ ined by the m ethod 
of Quick (5 ) .

RESULTS AND DISCUSSION

The first series was designed to obtain 
a qualitative notion of the relationship be­
tween vitam in A and vitam in Ki in  germ­
free rats, and to establish the am ount of 
vitam in K, which had to be incorporated 
in the diet to gauge the effect of vitam in 
A in a concentration range which could be 
expected in  these diets after sterilization 
and storage. Figure 1 shows the results 
of this prelim inary series in  which 34 
weanling germfree m ale ra ts were used.

Not all anim als were available at the same 
time, thus accounting for the different 
times of entry at the various levels of K 
supplem entation. Twenty-seven anim als, 
divided into 4 groups representing a sup­
plem ental vitam in A intake of 2000, 200, 
50 and 5 IU /day, were started with a vita­
m in Ki supplem ent of 2 pg/day. Eleven 
of these anim als were given this supple­
m ent for 2 weeks, after which time the 
am ount of vitam in Ki was reduced to 1 pg 
and then to 0.5 ug daily. Of the 16 re­
m aining ra ts receiving the 2 pg/day sup­
plem ent, eight were killed for prothrom bin 
time after 3 to 6 weeks, one died because 
of hem orrhaging, and the other anim als 
were transferred after 7 weeks directly to 
the unsupplem ented vitam in Ki-free diet 
(indicated by broken lines in  fig. 1). Seven 
anim als were started with a 1-pg vitam in 
Ki daily supplement. For four of these,
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the supplement was reduced to 0.5 ag after
3 weeks.

Animals started with a supplement of 
2 ag vitam in K i/day survived for at least 
6 weeks at all levels of vitam in A supple­
m entation, except in  the 2000 A group, 
where one out of three anim als died after
4 weeks. W hen the vitam in Ki supplement 
was discontinued, all anim als fed at all 
vitam in A levels died within one to two 
weeks.

Animals in  groups 5A and 50A which 
were started with 2 ag vitam in Ki daily 
and then changed to 1 ag after 2 weeks, 
survived for 8 weeks. However in  group 
200A, two out of three and in group 2000A 
one out of three died during that period. 
The survivors that were given 0.5 ag vita­
m in Ki lived for 5 weeks in  groups 5, 50 
and 200A, but in  group 2000A all died in 
less than  2 weeks.

Seven anim als were started with the 
m arginal am ount of 1 ag vitam in K,/day. 
The 2 in  group 5A survived for 4 weeks 
and one anim al subsequently survived a 
change to 0.5 ag vitam in Ki for several 
weeks before being killed, whereas the 
other anim al died of unknown causes after 
receiving this supplem ent for 2 weeks. The 
anim als in the group receiving 50, 200 or 
2000 IU vitam in A died w ithin 4 weeks 
after receiving the 1-ag vitam in Ki supple­
m ent or upon a change to the 0.5-ag vita­
m in Ki supplement.

All deaths, except the one aforem en­
tioned, were caused by massive hem or­
rhaging into the subdural space, into the 
thoracic or abdominal cavities, around the 
epididymis, or subcutaneously. The ani­
mals that were killed in  the 4 vitam in A 
supplem entation groups while receiving a 
2-ag vitam in Ki daily supplement, showed 
norm al prothrom bin times (average, 25 
seconds). Those killed while receiving a 
0.5-ug vitam in Ki and a supplem ent of 5, 
50 or 200 IU vitam in A /day showed pro­
throm bin times greater than  1 m inute.

From this prelim inary experim ent the 
following conclusions were draw n: (a )  A 
daily vitam in Ki intake of 0.5 ag to 1 ag 
provides the most critical test for the 
effect of a vitam in A intake in  the range 
of 5 to 2000 IU /day. (b ) Even after 8 
weeks of a daily intake of 2 ag vitam in 
Ki, depletion of vitam in K, in germfree

rats is rapid after omission of the supple­
ment. (c )  Upon supplem entation of the 
diet with 1 ag and later 0.5 ag of vitam in 
Ki, death resulting from hem orrhaging 
was zero out of three anim als in  the 5A 
group, one out of four in  the 50A group, 
three out of four in the 200A group, and 
six out of six in the 2000A group, thus 
indicating an effect of vitam in A intake 
upon vitam in Ki requirements.

Since the use of a vitam in K-free diet 
supplemented by 0.5 ag vitam in K i/day 
appeared to provide a most sensitive ex­
perim ental system to test the effect of 
vitam in A intake, 2 experiments were car­
ried out using various am ounts of vitam in 
A and only 0.5 ag vitam in Ki daily in  the 
supplement. In all, 47 anim als were used. 
A commercially extracted case in 9 was in ­
corporated in  the diet. The results of the 
first series showed that this casein had 
some residual vitam in Ki activity, as dem­
onstrated by a combined average survival 
time of 45.8 days for all vitam in A levels. 
Improved casein extraction procedures 
adopted by the m anufacturer lowered the 
average survival time in the second series 
to 25.3 days, a value more consistent with 
that obtained using the casein extracted 
in the laboratory (4 ) . To compare the 2 
experiments, survival times at the various 
vitam in A levels within each series were 
expressed on the basis of the combined 
average survival time of that series (table 
2). The results indicate that in  both series 
the survival times with no vitam in A sup­
plem ent and the survival times with 2000 
IU /day  were significantly different from 
the narrow range of values obtained with 
supplem entation ranging from 5 to 200 
IU /day. The unsupplem ented groups rep­
resenting an intake equivalent to approxi­
mately 5 IU of vitam in A /day showed an 
increase in survival time and therefore 
indicated a lower vitam in Kt requirem ent. 
The 2000 IU group definitely showed 
shorter survival, thereby indicating an in ­
creased requirem ent for vitam in Ki. Mat- 
schiner and Doisy (2 ) had also indicated 
that rats had lower vitam in K require­
m ents when fed a vitam in A-deficient diet. 
It occurred to us that these anim als m ight 
show a reduced requirem ent because of

9 See footnote 5.
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im paired growth on the essentially vita­
m in A-deficient diet. To test this hypothe­
sis 30 weanling m ale germfree rats were 
divided into 3 groups as follows: One 
group (9 anim als) received no vitam in A 
in the supplement, the second group (11 
anim als) received 5 IU vitam in A /day 
and the third group (10 anim als) received 
50 IU vitam in A /day. Animals of all 3 
groups received 0.5 |ig vitam in Ki daily. 
Results (fig. 2) indicate that on the twenty- 
eighth day anim als of the 5A and 50A 
groups were generally of the same weight, 
whereas those in  the zero A group weighed 
slightly less. On the fifty-sixth day ani­

mals in the 50A showed better growth than  
those in  the 5A, and the latter showed 
better growth than those in  the zero A 
group. Seventeen of the original 30 ani­
mals died because of hem orrhaging during 
the first 35 days of receiving the supple­
m ent (a  greater than  50% m ortality). 
Two other anim als, both in  the 50A group, 
died between the thirty-fifth and fifty-sixth 
day. Individual growth curves of these 19 
anim als showed no loss of weight before 
death, and furtherm ore indicated that they 
were not in  a lower weight range, confirm­
ing data obtained earlier in  this laboratory
(4 ) . The pattern  of death and the pro-

TABLE 2
Survival of gervifree rats fed semi-purified diet  L -4 6 7 E -1 5  w i th  various amounts of 

v itam in  A acetate and  0.5 ¡xg of v i ta m in  Ki adm inistered daily

Experiment no. 27A 28A
No. animals 23 24
Avg survival time (days) 45.8 25.3total groups (s’) 1

Vitamin A acetate Avg survival (days) subgroups 2
supplement Avg

subgroup Avg survival (days) total groups (s)
lU/day

0 1.24 1.42 1.33
5 0.97 1.02 1.00

50 1.04 0.88 0.96
200 0.96 0.98 0.97

2000 0.79 0.70 0.74

1 s =  combined average survival of all 5 dietary groups (see text).
2 Four to five animals/subgroup.

Fig. 2 Average growth of m ale w eanling germfree rats fed  diet L-467E-15 plus various 
amounts of vitam in A acetate and 0.5 pg vitam in Ki added daily. Key: ( ) ,  number of
anim als at start and after 56 days; + ,  anim als died.
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longed prothrom bin times (96 to 154 sec­
onds) of the survivors of all 3 groups were 
generally comparable.

These data show that with a vitam in A 
intake which is generally considered sub­
norm al, the growth of the germfree ra t is 
reduced, and suggest tha t a lower daily 
requirem ent for vitam in K is caused by the 
retarded growth of these young ra ts and 
results in  longer survival when fed at a 
subm arginal vitam in K intake. Accord­
ing to the N ational Research Council (6 )  
the vitam in A requirem ent for the grow­
ing ra t is 200 IU /100 g diet or approxi­
mately 20 IU /day  (6 ) . The intake with 
the unsupplem ented purified diet falls far 
below this level, and even in  the 5A group 
the calculated total intake is slightly lower 
than  10 IU /day. Therefore only the reduc­
tion in  survival time as shown in the pre­
lim inary series in  the 200 and 2000A 
groups and in  the later experim ents only 
in  the 2000A group, can be considered as 
truly indicative of an antagonism  between 
the vitam ins A and K. Obviously, as this 
antagonism  is demonstrable in the absence 
of a potentially vitam in K-producing m i­
croflora, it m ust occur on the level of the 
systemic metabolism.

These data do not confirm the results of 
M atschiner and Doisy (2 )  in  the lower 
vitam in A range, but they do indicate an 
antagonism  between vitam in A and K 
when the intake of vitam in A /day is 2000

IU (an d  possibly 200 IU ). The fact that 
larger doses of vitam in A (2000 IU /d ay ) 
antagonize the action of vitam in Ki in 
germfree ra ts refutes the opinion of Quick 
and Stefanini (3 ) ,  who speculated that 
these doses interfere with the microbial 
production of K vitam ins in  the intestine. 
The data furtherm ore, show tha t changes 
in  vitam in A intake occurring in  this lab­
oratory’s nutritional studies (4 )  lie w ithin 
a safe range and thus would not have in ­
fluenced our results.
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ABSTRACT  Changes in  liver weight, liver glycogen and lipid concentrations, and 
certain hepatic enzym e activities were studied during realim entation of adult m ale 
rats previously starved 9 to 12 days. Liver weight increased nearly twofold during 
the first 48 hours of refeeding and then declined to norm al at 96 hours post-refeed­
ing. Composition of the hepatic tissue showed sim ilar marked changes. Glycogen 
concentration increased rapidly to a m axim um  of 157 m g /g  fresh liver at 24 hours 
post-refeeding, then declined to 48 m g /g  at 72 hours post-refeeding. Lipid concen­
tration w hich increased during starvation decreased rapidly during the first 12 hours 
of refeeding, then increased to 69 to 88 m g /g  liver at 72 to 96 hours after refeeding. 
Assays for glucokinase, isocitrate dehydrogenase (NA DP-linked) and glucose-6-phos- 
phate dehydrogenase revealed differential responses in  activity during realim entation. 
The response in  G-6-P-DH activity, however, was markedly affected by the protein 
content of the refeeding diet.

Hyperlipogenesis is a frequently reported 
response to realim entation following food 
deprivation. Longenecker (1 )  reported 
that when starved adult rats were refed 
either high carbohydrate or high protein 
diets one-third of the total weight gain 
was deposited as fat. Tepperm an and Tep- 
perm an (2 ) observed that, although liver 
de novo fa t synthesis declined to near zero 
during a 48-hour fast, within 24 hours 
after the beginning of refeeding lipogenic 
activity increased to 800% of the rate ob­
served in non-starved controls. Similar 
changes in  lipogenesis have been observed 
in the starved-refed growing chicken (3 ) .

Other adaptive changes also occur dur­
ing realim entation. One response that has 
been reported is the m arked increase in 
hexose monophosphate shunt activity (4 ) . 
Glucose-6-phosphate dehydrogenase (G-6- 
P-DH) in  the livers of fasted rats has 
been observed to increase to a peak activ­
ity, several times the level of that in non- 
starved controls at 72 hours after the start 
of refeeding (5 ) . Demonstration by Pot­
ter and Ono (5 )  that puromycin would 
prevent the “overshoot” in  G-6-P-DH ac­
tivity in refed ra ts indicates that the in­
creased activity during refeeding is the re ­
sult of de novo synthesis of apoenzyme 
protein. These authors also observed that 
the proportion of carbohydrate and protein

in the refeeding diet had a m arked modify­
ing effect on the dehydrogenase activity.

Most observations on the metabolic 
transition accompanying realim entation 
have been conducted with anim als fasted 
for only 48 to 72 hours. Because investi­
gations in  our laboratory have been con­
cerned with the response to refeeding fol­
lowing severe starvation (6, 7 ), a study 
was undertaken to follow the changes in 
metabolism associated with refeeding fol­
lowing chronic starvation. Included in  the 
study was an investigation of the effect of 
diet composition on the metabolic transi­
tion observed during realim entation.

METHODS AND MATERIALS

Adult male rats weighing 400 to 500 g 
were m aintained in  separate, wire-floor 
cages and fed ad libitum the following 
diet: (in  % ) isolated soy protein, 18.0; 
glucose,3 74.8; cottonseed oil, 2.0; salts 
4164 (8 ) , 4.0; vitam in m ixture in glucose,4

R ece ived  fo r  p u b lic a tio n  M ay  6, 1965.
1 T h is  in v e s t ig a tio n  w as  su p p o rte d  by  th e  U. S. A ir 

F orce  u n d e r  C o n tra c t no. 41 (6 0 9 )2 1 8 5 , m o n ito red  by 
th e  A rc tic  A ero m ed ica l Space  L a b o ra to ry , F o r t W ain - 
w rig h t, A laska . T h is  is  n o t a n  official p u b lic a tio n  
u n d e r  th e  c o n tra c t. V iew s o r o p in io n s  e x p re ssed  h e re ­
in  a re  n o t  to  be  c o n s tru e d  as n e ce ssa rily  re f le c tin g  th e  
v iew s o r e n d o rs e m e n t o f th e  D e p a r tm e n t o f th e  A ir 
F o rce  o r o f th e  A rc tic  A ero m ed ica l Space  L ab o ra to ry .

2 P re s e n t a d d re ss : D e p a r tm e n t o f A n im a l Sc ience, 
M ac d o n a ld  C ollege, P ro v in ce  o f Q uebec, C an ad a .

3 C erelose , C orn  P ro d u c ts  C o m p an y , N ew  Y ork.
4 See fo o tn o te  3.
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0.5; choline chloride, 0.1; DL-methionine, 
0.6; and a-tocopheryl succinate, 0.025. 
Vitamins A and D were adm inistered in  
the diet to provide 250 and 60 IU /day, re­
spectively. The vitam in premix contained 
per 100 g: (in  m illigram s) thiam ine
chlorideH Cl, 200; riboflavin, 100; nico­
tinic acid, 500; pyridoxine-HCl, 100; Ca 
pantothenate, 200; m enadione, 20; folic 
acid, 20; biotin, 2; and vitam in Bi2 (as 
0.1% triturate in  m anito l), 2. During ex­
perim ental periods the anim als were 
starved until they lost approximately 20% 
of their prestarvation body weight (9 to 12 
days’ starvation) following which they 
were refed ad libitum  for varying periods 
from zero to 96 hours. Drinking water 
was provided at all times.

Following the designated refeeding 
period the rats were decapitated. The 
livers were excised rapidly, blotted on filter 
paper and weighed. A sample (2  to 3 g) 
of each liver was placed in 5 volumes of 
cold homogenizing buffer,5 m inced with 
scissors and homogenized with a Potter- 
Elvehjem homogenizer. The rem ainder of 
each liver was immediately frozen and 
stored for later total lipid analysis. In ex­
perim ent 1, an aliquot of the homogenate 
was extracted with 30% KOH and ana­
lyzed for glycogen by the anthrone method 
(9 )  using glycogen 6 as the standard. The 
rem aining homogenate was centrifuged 20 
m inutes at 26,000 X j i n a  Servall Model 
SSI centrifuge. The G-6-P-DH ( +  6-phos- 
phogluconic dehydrogenase) 7 activity was 
assayed in the resulting supernatant by 
the method of Lohr and W aller (1 2 ). In 
experiments 2 and 3, the homogenate was 
centrifuged 10 m inutes at 2400 X g and 
20 m inutes at 11,000 X g in  the Servall 
centrifuge, and 60 m inutes at 105,000 X g 
in Spinco Model L ultracentrifuge. Glu- 
cokinase, G-6-P-DH8 and isocitrate dehy­
drogenase (NADP-linked) activities were 
determined in the high-speed supernatant 
fraction. Glucokinase activity was m eas­
ured by following the appearance of 
NADPH in the presence of purified G-6-P- 
DH (10, 11).9 The G-6-P-DH activity was 
assayed according to Lohr and Waller 
(1 2 ) , and isocitrate dehydrogenase activ­
ity was determined by the method of 
Plaut (1 3 ). All m easurem ents were car­
ried out at 37° with a Perkin-Elmer Model

202 recording spectrophotometer equipped 
with a time rate accessory. The am ount of 
NADPH formed was calculated from the 
change in optical density using the extinc­
tion coefficient 6.22 X 106 cm 2/m ole for 
NADPH (1 4 ). The disodium salt of ATP, 
monosodium salt of NADP, disodium salt 
of G-6-P and trisodium citrate used in the 
assays were obtained commercially 10 and 
used as supplied by the m anufacturer.

Lipid content of the livers was deter­
mined gravimetrically by the technique of 
Sperry (1 5 ). The liver was disintegrated 
with a Potter-Elvehjem homogenizer pro­
vided with a loose-fitting Teflon pestle, de­
hydrated with acetone and extracted with 
chloroform-methanol (2 :1 , v /v ) . Protein 
was estim ated by the procedure of Lowry 
et al. (1 6 ) , using Folin and Ciocalteau 
reagent purchased com m ercially11 and 
crystalline bovine plasm a a lb u m in 12 as 
standard.

RESULTS
W hen adult rats were starved for 9 to 

12 days there was a proportionally greater 
loss in liver weight than in the body weight 
(figs. 1 and 2 ). During the first 24 to 48 
hours of realim entation, however, liver 
weight changed m uch more rapidly than 
body weight as evidenced by the signifi­
cant increase in liver-to-body weight ratios. 
In the series of experiments reported here, 
average liver weight decreased from 12 to 
14 g in the non-starved control anim als to 
7 to 9 g in  anim als starved for 9 to 12 days. 
On refeeding, average liver weight in ­
creased to a m axim um  of 15 to 17 g at 48 
to 72 hours after the beginning of refeed­
ing and then decreased sharply to 12.5 to
14.5 g at 96 hours post-refeeding. How­
ever, body weight continued to increase 
over the entire refeeding period. As a con­
sequence, liver-to-body weight ratio is a 
function of the coincident change in liver 
and body weight during starvation and re­
feeding.

5 Exp. 1, E D TA -physiological sa lin e  (1 3 ) ;  exps. 2 
and  3, buffer o f Sharm a et al. ( 1 1 ) .

6 F isher Scientific  Com pany, C hicago.
7 In  v iew  o f the resu lts o f Potter and Ono ( 5 )  no  

attem pt w as m ade to d istin gu ish  betw een  G-6-P-DH- 
and  6-phosphogluconic dehydrogenase a c tiv ities  and  
it w as assum ed  th at th e d ifferences noted  w ere pri­
m arily  attributable to G-6-P-DH activ ity .

8 See footnote 7.
9 See footnote 7.

10 S igm a C hem ical Com pany, St. Louis.
11 See footnote 6 .
12 See footnote 10.
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Fig. 1 Effect of refeeding follow ing starvation, 
on liver w eight as related to body w eight and on 
liver lipid concentration (exp. 1 ) Key: Liver
weight change (A ---------A ) and liver lipid con­
centration ( <------------- C ) during refeeding fol­
lowing starvation. Each point in  these and all 
subsequent figures represents the m ean of de­
term inations on 3 rats, w hile the vertical line 
through each point indicates the standard devia­
tion of the mean.

The marked changes that occurred in 
liver weight in the course of realim enta­
tion of starved rats were accompanied by 
equally striking changes in  the composi­
tion of this organ. The concentration of 
liver lipid, which increased considerably 
during starvation, decreased rapidly during 
the first 12 hours of refeeding (figs. 1 and 
2 ). Although m uch of the early decline in 
lipid concentration probably represented a 
simple dilution phenom enon, the entire 
change during the first 12 hours of refeed­
ing could not be accounted for by changes 
in liver weight alone. Calculation of the 
lipid content per liver in  starved rats and 
in anim als refed for 12 hours indicated 
that the total lipid content actually de­
creased during the early refeeding period 
(0.9 vs. 0.44 g/liver, exp. 1; 0.92 vs. 0.72 
g/liver, exp. 2 ). Following the initial de­
crease in  lipid concentrations there was 
an increase in the proportion of chloro­
form-methanol extractable m aterial. This 
moderate increase in  lipid concentration

Fig. 2 Effect of refeeding follow ing starva­
tion, on liver w eight as related to body weight 
and on liver lipid concentration (exp. 2 ) . Key: 
as in figure 1 .

together with the increase in  liver size re­
sulted in  a considerable increase in the 
total lipid content of the livers at 72 hours 
post-refeeding. The changes in liver weight 
and lipid concentration in these experi­
m ents with adult rats, however, were 
m uch less m arked than those reported by 
Smith and Johnson (6 )  and Soberon and 
Sanchez (1 7 ) with young growing ani­
mals.

Two of the most notable responses to 
realim entation, the large increase in  liver 
glycogen content and the m arked stim ula­
tion of hepatic G-6-P-DH activity are 
shown in figure 3. Refeeding resulted in 
an immediate response in  liver glycogen 
synthesis. During the first 24 hours of re ­
feeding liver glycogen increased linearly 
to a level 12 times that observed in  starved 
anim als and 3 times that of non-starved 
controls. Although there was a rem ark­
able accum ulation of liver glycogen early 
in refeeding, the rapid decline in glycogen 
concentration during the subsequent 48 
hours resulted in levels similar to those 
of the non-starved anim als at 72 hours 
post-refeeding. The changes in glycogen 
concentration were m atched by equally



164 bruce e. McDonald and b. connor Johnson

Fig. 3 Effect o f refeeding follow ing starva­
tion, on liver glucose-6-phosphate dehydrogenase 
concentration and on liver glycogen concentra­
tion (exp. 1 ) Key: Glycogen ( A ------------ A )  and
ghicose-6-phosphate dehydrogenase (O ---------O )
values during a 96-hour refeeding period follow ­
ing chronic starvation.

Fig. 4 Effect o f refeeding follow ing starvation, 
on liver glucokinase, isocitrate dehydrogenase and 
glucose-6-phosphate dehydrogenase concentration  
(exp, 2 ) .  Key: Glucokinase (A ------------ A ) ,  iso­
citrate dehydrogenase (O ------------ O ), and glu-
cose-6-phosphate dehydrogenase ( • ---------• )  ac­
tivity in  starved-refed rats.

marked changes in  G-6-P-DH activity (figs. 
3 and 4 ). In both experim ents, G-6-P-DH 
activity decreased during starvation to a 
level approximately 30% of that observed 
in the non-starved controls. Unlike glyco­
gen synthesis, dehydrogenase activity 
showed no change during the first 12 
hours following the resum ption of refeed­
ing. After this initial lag period, however, 
G-6-P-DH activity increased sharply to a 
m axim um  at 48 to 72 hours and then de­
creased slightly by 96 hours. The pattern 
of the refeeding response for glycogen 
metabolism and G-6-P-DH activity observed 
in  these studies with rats starved 9 to 12 
days was sim ilar to that reported by Pot­
ter and Ono (5 )  with rats fasted for 72 
hours, although the m agnitude of “over­
shoot” in  dehydrogenase activity was con­
siderably less in  the present study. In 
addition to G-6-P-DH, experim ent 2 (fig.
4) included assays for glucokinase, an­
other im portant enzyme of glucose m e­
tabolism, and isocitrate dehydrogenase

(NADP-linked), another enzyme catalyz­
ing the reduction of nicotinam ide adenine 
dinucleotide. The activity of both of these 
enzymes, like G-6-P-DH, decreased during 
starvation but, unlike the latter dehydro­
genase, neither glucokinase nor isocitrate 
dehydrogenase showed “overshoot” in  ac­
tivity during refeeding. However, there 
was a difference in the pattern of response 
with these 2 enzymes. On refeeding, glu­
cokinase activity increased without any ap­
parent lag period, whereas isocitrate dehy­
drogenase showed a prolonged lag in 
activity. Potter and Ono (5 )  and Blumen- 
thal et al. (1 8 ) also reported an im medi­
ate response in  glucokinase activity upon 
refeeding rats previously fasted for 48 to 
72 hours.

Diet markedly influences the metabolic 
response accompanying realim entation fol­
lowing fasting (3, 5, 18, 19); thus varying 
the composition of the diet should provide 
a m eans of determ ining which nutrien t 
was responsible for the induction and
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TABLE 1
Responses accom panying re a lim entation of starved rats

Treatment
group Liver wt

Liver
lipid
cone

G-6-P-DH Glucokinase
activity

Isocitrate
dehyd.
activity

Non-starved
controls

9 mg/g mamóle NADPH/mg protein/min

14.4 ± 2 .0  1 52.5 ±  4.2 31.0 ±  4.0 25.7 ±  12.2 1 6 6 ±  17

Starved 8.9 ± 1 .4 104.1 ±  8.1 10.5 ±  1.8 5.0 ±  1.3 138 ± 2 3

Starved-refed 
72 hr (18%  soy 
protein d ie t) 17.1 ± 2 .5 88.2 ± 2 7 .4 142.0 ± 3 3 .4 22.8 ±  5.8 164 ± 3 1

Starved-refed 
72 hr (4%  
protein) 2 18.9 ± 0 .8 83.3 ± 1 0 .0 33.1 ±  3.7 19.8 ±  2.8 103 ± 3 3

1 Mean of 3 animals ±  sd.
2 Composition of 4% protein diet: (in % ) dried egg white, 5.0; glucose (Cerelose, Com Products 

Co., Argo, HL), 45.0; cornstarch, 38.4; cottonseed oil, 5.0; cellulose (Solka Floe, Brown Co., Berlin, 
N. H .), 2.0; salts 4168 (8 ), 4.0; vitamin mixture in glucose, 0.5; and choline chloride, 0.1.

“overshoot” of G-6-P-DH. The results in 
table 1 show that refeeding a very low 
protein diet greatly depressed the response 
of G-6-P-DH, but had no effect on the ap­
parent rate of hepatic lipogenesis, sug­
gesting that hexose monophosphate shunt 
activity is not necessarily associated with 
accum ulation of liver lipid in  the starved- 
refed rat. Glucokinase and isocitrate de­
hydrogenase similarly showed independent 
responses to changes in  the protein level 
of the refeeding diet.

In view of the response shown in table 
1, a further experim ent was carried out 
to determ ine whether the induction of 
G-6-P-DH was due, in  fact, to the protein 
part of the diet. Rats were fed the 4% 
egg protein diet (i.e., protein-starved, but 
not energy-starved), for 12 to 14 days, and 
this resulted in  the same decrease in liver 
G-6-P-DH as did complete starvation (table 
2 ). However, refeeding protein did not 
result in rapid induction and “overshoot” 
of the enzyme after 72 hours.

DISCUSSION

The results here reported show that the 
metabolic responses accompanying refeed­
ing following 9 to 12 days of complete 
food deprivation are sim ilar to those re­
ported previously for refeeding following 
a 48 to 72 hour fast (2, 5 ). During reali­
m entation both liver glycogen concentra­
tion and G-6-P-DH activity showed transi­
tory increases to levels several times those 
observed in the non-starved control ani­

mal. Glucokinase and isocitrate dehydro­
genase (NADP-linked) activities, however, 
showed only moderate increases to levels 
equivalent to those of the non-starved con­
trol. The pattern  of response for the re­
spective systems, however, was very dif­
ferent (figs. 3, 4 ). Liver glycogen showed 
an immediate and linear increase in  con­
centration. Glucokinase activty, also, im ­
mediately responded to refeeding stimulus. 
However, G-6-P-DH activity showed an ini­
tial 12-hour lag in response and did not 
reach m axim al activity until 48 to 72 hours 
post-refeeding. That puromycin prevents 
the recovery of glucokinase activity (10 ) 
or the “overshoot” in G-6-P-DH activity (5 ) 
suggests that the recovery of these enzyme 
systems represents synthesis of new en­
zyme protein. W hether the 12-hour lag in 
G-6-P-DH response is the result of a lack 
of proper stimulus to initiate synthesis of 
this enzyme protein, or the lack of specific 
messenger-RNA to direct enzyme synthe­
sis, requires further investigation. The 
present data, however, emphasize the im ­
portance of m easuring the biochemical 
changes associated with realim entation at 
enough interm ediate points to establish the 
pattern and m agnitude of the various re­
sponses accompanying metabolic transi­
tion.

One of the more interesting aspects of 
the present experiments was the demon­
stration that the pattern  of response for 
any particular biochemical reaction may 
depend to a large extent on the composi-
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TABLE 2
Response to protein of protein-depleted, rats

Treatment
group G-6-P-DH

Protein-starved 1

■m/imole NADPH/ 
mg protein/min 

8.5

Protein-starved and refed 
18% soy protein diet 
for 72 hr 9.4

Normal non-starved rats 24.8

1 Adult rats fed the 4% egg protein diet for 12 to 
14 days.

tion of the diet offered. At 72 hours post- 
refeeding anim als fed a diet containing 
4% protein had liver G-6-P-DH activities 
similar to those of the non-starved con­
trols, whereas rats receiving a diet contain­
ing 18% soy protein had activities of over 
4 times those of the non-starved controls. 
Despite the m arked effect on dehydrogen­
ase activity, changing the composition of 
the diet had no effect on apparent hepatic 
lipogenesis (table 1). The lack of associa­
tion between lipid accum ulation and G-6- 
P-DH activity suggests that liver hexose 
monophosphate shunt activity is not neces­
sarily associated with increased lipogenic 
activity in the starved-refed rat. A similar 
lack of association between these 2 en­
zyme systems has been reported in  fatty 
livers induced by threonine deficiency 
( 2 0 ) .

Both total starvation (table 1) and pro­
tein starvation with adequate energy in ­
take (table 2) resulted in  m arked depres­
sion of liver G-6-P-DH. Induction and 
“overshoot” in  level of this enzyme oc­
curred only when the complete ration was 
refed following total starvation. This ap­
pears to indicate that the inducer is the 
carbohydrate of the refed diet, but also 
that an adequate level of dietary protein 
is required to replenish the amino acid 
pool to a level which will allow this rate of 
enzyme synthesis.
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ABSTRACT  The effects of the m ethyl esters of fatty acids of chain length C, 
through Cis, including oleic, elaidic, and linoleic, on essential fatty acid deficiency 
were studied in  feeding tests w ith rats. U sing depressed growth response as a 
criterion, all o f the fatty acid esters except oleate and linoleate accentuated essential 
fatty acid deficiency, w ith the esters of fatty acids C4 through C10 and elaidate ex­
hibiting a m uch greater effect than the longer-chain fatty acid esters. The highest mor­
tality was observed in  fem ales fed caproate, caprylate and laurate and in m ales fed  
caprylate, laurate and stearate. W hen reproductive performance is judged, m ethyl 
esters o f m yristate, palm itate, stearate, oleate and linoleate improved the reproductive 
perform ance of fem ale rats fed  the fat-free diets and, therefore, partially alleviated the 
essential fatty acid deficiency. Where cholesterol levels are used as criteria, supple­
m entation w ith laurate and oleate resulted in  an increase in  the accum ulation of 
hepatic cholesterol esters over that obtained w hen an unsupplem ented fat-free diet 
was fed, indicating that laurate and oleate accentuate essential fatty acid deficiency 
in this respect. It is concluded that several m etabolic pathways and physiological re­
sponses affected by essential fatty acid deficiency can be influenced by the concom itant 
presence of non-essential fatty acids. It is further concluded that evaluation of essen­
tial fatty acids status should involve more than one m easurem ent.

The im portance of essential fatty acids 
in anim al nutrition is well documented
( 1 )  . The necessity for dietary essential 
fatty  acids to provide a healthy skin and 
norm al internal organ function and to sup­
port and regulate growth, reproduction, 
longevity and fa t metabolism has been 
dem onstrated by m any investigators. A 
recommended daily requirem ent for essen­
tial fatty  acids has been proposed based 
on a ratio of triene to tetraene fatty acids 
in heart tissue, erythrocytes and plasm a
( 2 )  .

It is now recognized tha t m any factors, 
dietary and otherwise, influence the re­
quirem ent for essential fatty acids. Among 
the dietary factors which have been shown 
to increase essential fatty acid require­
m ents are certain of the non-essential fatty 
acids. Thus, Evans and Lepkovsky (3 ) 
reported that symptoms of essential fatty 
acid deficiency were aggravated when rats 
were fed a fat-free diet supplemented with 
saturated fat. These observations were 
confirmed using hydrogenated coconut oil 
in 1936 by Sinclair (4 ) ,  later in  our lab­
oratory (5 ) , by Peifer and Holman (6 ) , 
and by Coleman et al. (7 )  using aceto- 
stearins. However, using growth and der­

m al symptoms as criteria, a hydrogenated 
triolein (iodine value 67.2) had no adverse 
effects on essential fatty  acid deficiency
(8). Although small am ounts of fish oil fatty 
acid ethyl esters did not protect young rats 
from dermal symptoms, the growth rate 
compared favorably with that of anim als 
receiving a similar am ount of ethyl lino­
leate. Larger quantities of tuna, m enhaden 
or herring oils fed to rats cured dermal 
symptoms and stimulated growth, indicat­
ing the presence of some essential fatty 
acid activity (9 ) .

The im portance of chain length of fatty 
acids on essential fatty  acid requirem ent 
has been dem onstrated by effects on rat 
growth. Thus myristic, palmitic or stearic 
acids, given for 4 weeks to ra ts fed a fat- 
free diet, had a depressing effect on 
growth (1 0 ). Rats fed a diet containing 
20% of the m edium -chain length fatty 
acid triglycerides (C6 to C12) grew better 
than anim als fed a low fa t diet, whereas
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in those fed the long-chain fatty  acid tri­
glycerides (C m to C i,), growth was de­
pressed. It was suggested that medium- 
chain length fatty  acids decrease, and 
longer-chain fatty  acids increase, the re ­
quirement for essential fatty acids (1 1 ). 
A similar hypothesis was also presented by 
Funch et al. (12, 13).

In  essential fatty  acid deficiency in  rats, 
plasm a cholesterol levels decrease, where­
as cholesterol esters accum ulate in the 
liver (1 4 ) . In  view of the evidence pre­
sented that some of the shorter-chain fatty 
acids m ight “spare” essential fatty  acids, 
an investigation was undertaken to study 
the effects of fatty acid esters, from C4 to 
Ci,, on the essential fatty  acid requirem ent, 
using as criteria, growth, plasm a choles­
terol, and hepatic cholesterol and lipid 
levels.

METHODS

W eanling m ale and female ra ts of our 
USC strain  were supplied with fat-free 
diets supplem ented as follows: group 1, 
no supplem ent; groups 2-12, supplemented 
orally with 100 m g /an im a l/d ay  of one of 
the following fatty acid methyl esters, re­
spectively: butyrate, caproate, caprylate, 
caprate, laurate, m yristate, palm itate, stea­
rate, oleate, elaidate, and linoleate. Details 
of the diet are shown in table 1.

Animals were weighed weekly and were 
kept on the experim ental regimen for 12 
weeks, at which time the females were 
bred with m ales of our stock colony and 
the male anim als were killed, using so-

TABLE 1 
Diet (fat-free)

%
Sucrose 71.53
Casein 18.23
Salt m ix 1 4.0
Cellulose 2 4.0
Vitam in m ix 3 2.0
Choline chloride 0.24

* V» C aS U il t u u u i u v a u u u  v .  — ̂  ---------------------
(Science, 75: 339, 1932).

2 Solka Floe, Brow n Com pany, B erlin , N ew  H am p­
shire.

3 The v itam in  m ixture had  th e fo llo w in g  com posi­
tion: ( in  gra m s) v itam in -test case in , 61.35; p-am ino- 
benzoic acid , 2 .42; in osito l, 2.0; a-tocopheryl acetate, 
1.3865; ascorbic acid , 0.8; th iam in e , 0.288; Ca pan to­
th en ate, 0 .24; n ia c in , 0.24; v itam in  B i2 triturate, 0 .24; 
riboflavin, 0.11; p yridoxine, 0 .108; v ita m in s A and D 
(500 ,000  U S P /g  v itam in  A, 50 ,000 U S P /g  v itam in  D; 
C rystalets, Chas. Pfizer and Co., N ew  Y ork), 0.052; 
fo lic  acid, 0.046; m en ad ion e , 0 .0 2 2 ; and  b iotin , 0.016.

dium pentobarb ita l4 anesthesia. Blood was 
removed from each anim al by heart punc­
ture and subjected to centrifugation for 
separation of plasm a and red cells. 
Plasm a was extracted for lipid analysis, 
using alcohol-acetone (1 :1 ) .  Livers were 
excised quickly, blotted, and extracted in 
a W aring Blendor using the method of 
Thompson et al. (1 5 ). Cholesterol deter­
m inations were made on plasm a and liver 
extracts by a modification of the Sperry- 
Schonheimer method (1 6 ) . Total hepatic 
lipids were determined gravimetrically.

DISCUSSION

Growth and mortality of male rats fed 
fat-free diets unsupplem ented or supple­
m ented with the various fatty acid esters 
are shown in table 2. Of the methyl es­
ters tested, only anim als given the oleate 
and linoleate supplements had a gain in 
weight over that exhibited by the anim als 
given the unsupplem ented diet. Supple­
m entation with all of the other fatty  acid 
esters from C4 through Ci8 resulted in  a 
weight loss when compared with the un ­
supplemented anim als. Methyl esters of 
C4, Cs and Ch> fatty acids appeared to have 
more of a depressing effect on growth 
than  methyl esters of Ci2, Ci4, Ci6, and Ci8. 
The trans oleic acid ester, elaidate, and 
the C8, caprylate, had the largest growth­
depressing effect. Caprylate also caused 
the highest mortality. These results ap­
pear to be in  contradiction to those re­
ported by Kaunitz et al. (1 1 ) in which the 
mixed medium-chain fatty  acid triglyc­
erides (C 6 to Ci2) supported better growth 
than  was observed in  anim als fed the low 
fat diet, whereas the longer-chain length 
triglycerides (C l4 to CJ8) depressed growth. 
Since in Kaunitz’s experiments, however, 
the triglycerides were fed at a dietary 
level of 20% and in  our experim ents the 
fatty acid esters were given as a dietary 
supplem ent at approximately a 1% level, 
valid comparisons cannot be made.

The effect of the various fatty acids on 
growth, mortality, and reproduction of 
female rats is also shown in table 2. In 
contrast with the males, there was little ef­
fect on weight when the female anim als 
were given supplements of the various •*

•* Som nopentyl, Pitraan-M oore Com pany, In d ian ­
apolis, Indiana.
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TABLE 2
Effect of fa t ty  acid  esters on growth, m ortality  and reproduction

Supplement

Males Females

Wt gain 
( 12  weeks)

Difference
from

fat-free
group

Mortality Wt gain 
( 12  weeks)

Difference
from

fat-free
group

Mortality
No.

litters
born

No.
animals 
born 1

9 9 % 9 9 %
l . None 1 9 3 ( 9 ) 2 — 10 1 3 8 ( 1 0 ) 2 — 0 0 0
2 . Butyrate 1 6 2 (9 ) - 3 1 10 1 2 8 (9 ) - 1 0 10 0 0
3. Caproate 1 73(10) - 2 0 0 1 3 9 (8 ) -  9 20 0 0
4. Caprylate 1 4 0 (7 ) - 5 3 * 30 1 3 5 (8 ) -  3 20 1 6
5. Caprate 15 8 (1 0 ) - 3 5 0 1 4 2 (1 0 ) +  4 0 1 6
6 . Laurate 1 7 6 (8 ) - 1 7 20 1 3 2 (8 ) -  6 20 0 0
7. Myristate 17 7 (1 0 ) - 1 6 0 13 3 (1 0 ) -  5 0 5 33
8 . Palm itate 1 7 1 (9 ) - 2 2 10 13 1 (1 0 ) -  7 0 6 39
9. Stearate 1 7 5 (8 ) - 1 8 20 13 3 (1 0 ) -  5 0 5 28

1 0 . Oleate 2 1 8 (1 0 ) +  15 0 16 3 (1 0 ) +  25* 0 5 33
1 1 . Elaidate 1 38(10) — 55** 0 1 2 9 (9 ) -  9 10 2 12
1 2 . Linoleate 2 3 4 (1 0 ) +  41* 0 1 67(10) +  29* 0 10 70

1 N one o f  th e an im als  survived  to 3 days excep t those in  group 12.
2 N um bers in  parenth eses are num bers o f an im als/grou p .

* S ign ificance by t test, P <  0.05.
** S ign ificance by t  test, P <  0.005.

TABLE 3
Effect of  fa t ty  acids on p lasm a cholesterol and hepatic  cholesterol and lipid levels of m ale  rats

Plasma cholesterol Hepatic cholesterol Hepatic
lipidFree Total Free Total

m g / 1 0 0  m l m g / 1 0 0  m l t n g /g m g / g m g / g
Fat-free (9 )  1 14.8 ± 1 .3  2 45.5 ± 2 .9 2.13 ± 0 .0 5 3.76 ± 0 .2 2 6 8 .6 ± 3 .7

+  butyrate (9 ) 11.7 ±  0.8 42.8 ± 2 .2 2.19 ± 0 .0 6 3.51 ± 0 .2 4 64.3 ± 3 .8
+  caproate ( 1 0 ) 12.9 ±  0.6 44.9 ± 1 .9 2.09 ± 0 .0 8 3.75 ± 0 .2 4 71.4 ± 2 .8
+  caprylate (7 ) 12.8 ±  0.4 41 .8 ±  1.5 1.73 ± 0 .0 6 3.54 ± 0 .2 6 59.6 ± 2 .5
+  caprate ( 1 0 ) 13.2 ±  0.3 46.0 ± 3 .5 2.24 ± 0 .0 7 4.27 ± 0 .3 2 70.3 ± 3 .8
+  laurate ( 8 ) 20.1 ± 1 .3 * 45.9 ± 1 .4 2 .5 0 ± 0 .1 1 * * * 5.85 ±  0.76*** 8 2 .5 ± 4 .9 *
+  m yristate ( 1 0 ) 13.7 ±  0.9 47.6 ± 2 .7 2.17 ±  0.17 3.82 ± 0 .3 3 71.4 ±  9.2
+  palm itate (9 ) 1 1 .9 ± 0 .5 40.9 ± 1 .7 2.04 ± 0 .0 5 3.20 ± 0 .2 1 5 5 .8 ± 4 .6
+  stearate (7 ) 13.4 ± 1 .0 4 4 .0 ± 4 .0 2.08 ± 0 .0 6 3.85 ± 0 .2 5 65.5 ± 2 .0
+  oleate ( 1 0 ) 16.4 ± 0 .8 5 5 .2 ± 2 .2 * 2.61 ±  0 .1 1 **** 5.15 ±  0.50** 64.1 ± 2 .6
+  elaidate ( 1 0 ) 12.3 ± 2 .2 3 7 .4 ± 4 .0 2.12 ±  0.07 3.49 ± 0 .2 3 5 4 .5 ± 2 .5 * *
+  linoleate ( 1 0 ) 12.8 ±  0.5 5 5 .3 ±  1.1** 1.65 ±  0.13**** 2.21 ±  0 .25**** 5 0 .9 ±  1.7***

1 N um bers in  p arenth eses are num ber o f an im als per group.
2 Includes s e  o f  m e a n .

* S ign ificantly  d ifferent from  fat-free control (b y  t te s t)  P <  0.05.
** S ign ificantly  d ifferent from  fat-free control (b y  t te s t)  P <  0.025.

*** S ign ificantly  d ifferent from  fat-free control (b y  t te s t)  P <  0.005.
**** S ign ificantly  d ifferent from  fat-free control (b y  t te s t)  P <  0.001.

fatty acid esters, with the exception of 
females given oleate; in this group there 
was an average gain in weight of 25 g 
over those females fed the fat-free diet 
which is similar to the gain of 29 g ob­
served in the animals receiving linoleate. 
However, there was a noticeable improve­
ment in reproduction when fatty acid es­
ters of myristate, palmitate, stearate, 
oleate, or linoleate were given to the 
females, in that the number of successful 
pregnancies and number of young born 
were much greater than when the females

were fed fat-free diets either alone or 
supplemented with the shorter-chain fatty 
acid esters and elaidate. None of the 
young survived after 3 days except in the 
group given the linoleate supplement.

Although males in all groups had typi­
cal “scaly” skin conditions, those animals 
receiving the Cm, Cm, C« and Cl8 saturated 
fatty acids had more severe dermal symp­
toms than those in the other groups. As 
far as the females were concerned, no 
skin symptoms were observed in those 
given the fat-free diet unsupplemented or



E F F E C T S  ON E S S E N T IA L  F A TT Y  ACID D E FIC IE N C Y 1 7 1

supplemented with C4 and C6 fatty acids; 
those groups fed the Cm, Cm, Ci6 and Ci8 
saturated fatty acids developed a more 
pronounced dermatitis than those fed the 
Cs and Cio saturated, and Ci8 unsaturated 
fatty acids.

In table 3 is shown the effect of the 
various fatty acid esters on plasma and 
liver cholesterol levels and liver total 
lipids. Animals fed a fat-free diet supple­
mented with linoleate have a significantly 
higher plasma cholesterol level than those 
fed the unsupplemented diets. Rats given 
oleate have a similar elevation in plasma 
cholesterol level but this high value is 
accompanied by an elevated hepatic cho­
lesterol value as well, whereas the livers 
of rats given linoleate supplements are 
low in cholesterol content. A high hepatic 
cholesterol level is also observed in the 
animals supplemented with laurate, al­
though this increase is not accompanied 
by an increased total plasma cholesterol 
level. Unesterified cholesterol in plasma 
is considerably higher in the groups given 
the laurate supplement than in groups fed 
the other fatty acid ester supplements. 
This may indicate an interference with 
cholesterol esterification in the liver. As 
far as the other fatty acids are concerned, 
none appear to have a salutary effect on 
either plasma or liver cholesterol values 
when compared with the values obtained 
from animals fed the fat-free diet. This 
is in agreement with results reported by 
Beveridge et al. (17) and Hashim et al.
(18) who reported that saturated fatty 
acids containing 8- and 10-carbon atoms 
produce only slight effects on cholesterol 
concentrations of human blood. However, 
Grande (19) reported that saturated fatty 
acids of C12 and Cm induce much higher 
concentrations of cholesterol in the serum 
of dogs than do saturated fatty acids of 
C8 and Cio. Although in the work reported 
here, the Cm acid had little effect on rat 
plasma total cholesterol levels, certainly 
its effect in elevating plasma free choles­
terol levels and hepatic cholesterol content 
is marked. Animals given the laurate sup­
plements also had the highest hepatic 
total lipid accumulation. Elaidate, which 
had a considerably larger depressing effect 
on growth, does not adversely affect cho­
lesterol values, but does result in lower

hepatic total lipid levels similar to that 
observed in the animals fed the linoleate 
supplement.

It is known that in the plasma of many 
species of animals, cholesterol is found 
preferentially esterified with linoleic acid. 
It has been suggested (20) that in the 
absence of polyunsaturated fatty acids, 
cholesterol is esterified with more satu­
rated fatty acids which may not as easily 
enter a lipoprotein complex for subse­
quent transport from liver to plasma and 
to other tissues. However, undoubtedly 
other factors, such as enzyme specificity 
for fatty acid esterification with choles­
terol, differences in rate and site of ab­
sorption of the various fatty acids under 
investigation, and subsequent metabolic 
pathways of these fatty acids of varying 
chain length must also be considered. An 
effect on cholesterol biosynthesis was elim­
inated since essential fatty acid deficiency 
results in a marked decrease in hepatic 
cholesterol biosynthesis (21). Further 
studies on fatty acid imbalances are in 
progress.
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ABSTRACT  The protein quality, m easured as net protein utilization, of casein  
(10 .5  protein calories per cent total calories in  the d iet) and gluten (35 .6  protein 
calories per cent total calories in  the d ie t), w as evaluated by m eans of short- and, 
long-term experim ents. Casein and gluten diets of equal protein value (a s net dietary 
protein calories per cen t) were chosen as representative of the am ino acid lim itations 
m ost frequently observed in  hum an nutrition: sulphur-bearing amino acids and lysine. 
For the short-term experim ent, the net protein utilization was determ ined by the 
m ethod of M iller and Bender on 31-day-old rats. For the long-term experim ent, rats 
were fed the diets under study from  the time they were w eaned until they were 133 
days old. The net protein utilization w as calculated on the basis of body nitrogen gain, 
loss of endogenous nitrogen and nitrogen intake, according to a form ula proposed by 
the authors. The net protein utilization values for both diets determ ined by the 
short-term experim ent (70 .7  and 19.8, respectively, for the casein and gluten d iets) 
are in  agreem ent w ith those calculated for the long-term experim ent ( 75.2 and 19.8). 
The protein value, m easured as net dietary protein calories, of casein and gluten diets 
obtained from a 10 -day experim ent is in  agreem ent w ith that obtained from a 1 1 2 -day 
experim ent.

Nutritionists are concerned with the de­
termination and expression of the protein 
value of diets and feeds — human nutri­
tionists because of their interest in design­
ing new and low-cost protein foods that 
can be used clinically and epidemiologi- 
cally in the prevention and cure of protein 
malnutrition, and animal nutritionists be­
cause of its economic importance to the 
livestock producers generally and to the 
poultry industry especially.

Unfortunately, most of the experimental 
work on the protein value of diets is diffi­
cult to evaluate and compare because of 
the various methods used and the different 
ways of expressing the results. Platt et al. 
(1) have proposed to express the protein 
value of a diet in terms of net dietary pro­
tein calories % (NDpCals %  ) which is the 
product of protein concentration by protein 
quality. Protein concentration (P) is ex­
pressed as protein calories per cent total 
calories. Protein quality is expressed as net 
protein utilization (NPU) and determined 
experimentally in a short-term (10 days) 
feeding trial which uses weanling rats (2).

It seemed desirable to test the long-term 
validity of the expression net dietary pro­
tein calories % (NDpCals % ) by a long­
term experiment considering that: a) the

expression has been used to make dietary 
recommendations at different ages in the 
human being (1); b) that one of the fac­
tors, namely net protein utilization, is ob­
tained in a short-term feeding experiment 
that uses young rats (2); and c) protein 
quality has been reported to change with 
age (3).

EXPERIMENTAL

D ie ts .  Casein diet: (in grams) casein,2 
130; cornstarch, 370; vegetable fat, 150; 
and vitamin and mineral mixture,3 350. 
The calorie value of this diet calculated 
from chemical analysis was 4.3 kcal/g. 
Casein supplied 10.5% of the total calories 
of the diet. Gluten diet: gluten,4 535; vege­

R eceived  for p u b lication  February 9, 1965.
1 T his study w as supported by fu n d s  from  Ley  

11575 de A yuda a la  In vestigación  T ecnológ ica , 
R epública  de Chile.

2 N u tr itio n a l B ioch em ica ls  Corporation, C leveland.
3 V itam in  and m in era l m ixture con ta in ed : ( in  k g )

v itam in ized  carbohydrate, 1 ; sa lt m ixture, 1 ; potato  
starch , 2; and glucose, 3. V itam in ized  carbohydrate: 
( in  g ram s) th iam ine-H C L  0.3; riboflavin , 1.0; pyri- 
doxin e-H C l, 0.2; Ca pan tothenate, 6.0; n ico tin ic  acid , 
2 0 .0 ; in osito l, 2 0 .0 ; p-am inobenzoic acid , 60.0; b iotin , 
0 .0 2 ; fo lic  acid , 0 .2 ; v itam in  B 12, 0.005; cho lin e hydro­
chloride, 60.0; and m aize  starch , 5000.0. Salt m ix ­
ture: ( in  gram s) N aC l, 22; C aH P 04-H20 ,  130; K
citrate  (K 3C6H 5O7 H 2O ), 125; M gS 04-7H 20 ,  30; Fe 
citrate, 5.0; and  traces, 0.7. T races: ( in  g ram s) KI, 
12; N aF , 10; M n S 04 H 20 ,  2; Cu2I2, 1; KA1 (S 0 4) 2, 1; 
and Z n S 0 4-7H 20 ,  1.

4 See footnote 2.
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table fat, 150; and vitamins and minerals 5 6 
350. The calorie value of this diet cal­
culated from chemical analysis was 4.4 
kcal/g. Gluten supplied 35.6% of the total 
calories of the diet.

The composition of the diets is shown in 
table 1.

Fat-soluble vitamins were given orally 
to the rats every other day according to the 
quantities used by Kodicek and Carpenter
(4) in a long-term experiment.

TABLE 1

Analysis composit ion of diets

Casein diet Gluten diet

% %

Water 8.7 5.9

Ash 3.3 3.3

Nitrogen 1.75 6.84

Protein 1 1 .2 (N X  6.38) 3 9 .0 (N  X 5.7)

Fat 14.8 14.9

Carbohydrate 62.0 36.9

K ilocalories/ 
100  g 430 440

METHODS

The short-term determination of protein 
quality — as net protein utilization opera­
tive (NPUop) 0 — of the diets was carried 
out in duplicate according to the method 
of Miller and Bender (2) in a 10-day feed­
ing trial using 31-day-old albino rats of our 
stock (5).

The long-term evaluation of the protein 
quality of the diets was performed in a 112- 
day feeding trial using 21-day-old male 
weanling rats. Each diet was given ad 
libitum to a group of 16 rats. The mean 
initial weight of the rats of both groups 
was 30 g. During the trial the animals 
were weighed once a week and the food 
intake was measured. After the experimen­
tal period the rats were killed and body 
nitrogen was determined by chemical anal­
ysis of the whole rat. To estimate the 
initial body nitrogen in the short- and long­
term feeding experiments the carcasses of 
ten 31-day-old rats and nine 21-day-old rats 
were analyzed.

CALCULATIONS

The net protein utilization of the diet 
according to the method of Miller and 
Bender is calculated as:

NPU =  - E 7 Bk ( i )

where,
B is the mean body nitrogen of rats (41- 
day-old), after 10 days’ feeding of the ex­
perimental diet.
B k is the mean body nitrogen of rats (41- 
day-old) after 10 days’ feeding of a non­
protein diet.
I is the mean nitrogen intake of the ani­
mals fed the experimental diet.

This net protein utilization is also termed 
true net protein utilization (tNPU) as 
against apparent net protein utilization 
(aNPU) which can be calculated as:

where,
Bo  is the mean body nitrogen of the rats 
at the beginning of the experimental pe­
riod, B and I as in equation 1.

The difference between apparent and 
true net protein utilization is that the latter 
introduces in the calculations a necessary 
correction for the endogenous loss of nitro­
gen (En), which is estimated as the dif­
ference between the body nitrogen of the 
animals at the beginning of the 10-day ex­
perimental period and the body nitrogen of 
the rats fed a nonprotein diet after the 
same period, thus:

En =  Bo — Bk (3 )

This estimation of the endogenous nitro­
gen is possible and valid, though open to 
some theoretical criticism, for the 10-day 
interval that the method uses, but not for 
a long-term feeding trial. The reasons for 
this are both practical and theoretical, 
namely, the rats die of prolonged depriva­
tion of protein and E n  is a function of 
body weight which varies with time and 
food intake in the growing animal.

5 See footnote 3.
6 P latt, B. S., and D. S. M iller 1959 T he n et  

dietary protein  va lu e  o f m ixtures o f  food s — its  
defin ition , determ ination  and  app lication . Proc. N u tr i­
tion  Soc., 18:  vii.
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It can be shown that independently of 
the length of the feeding trial

tNPU =  R +  En ( 4 )

where,
R  is the nitrogen retained with a diet over 
the period considered. But, R  is equal to 
the difference between the body nitrogen 
at the end of the experimental period (B) 
and the initial body nitrogen (Bo),

R =  B - B o

Replacing R  in equation 4 and rearranging 

tNPU =  (5 )

The first part of the second member of 
this equation is equal to aNPU (equation 
2), and can be calculated from experi­
mental data from short- or long-term feed­
ing trials.

To calculate tNPU over a long period it 
is necessary to estimate the endogenous 
loss of nitrogen during the experimental 
period.

If (E n ) i  is the daily loss of endogenous 
nitrogen on day i, then we can consider 
that the total loss of endogenous nitrogen 
over a period of f  days is equal to:

i = f
(E n ) f  =  ^> (E n ) i  

i = o

Miller and Payne (6, 7) use the follow­
ing expression to calculate the endogenous 
loss of nitrogen:

(E n ) i  =  M Wi° ”
where,
M  is the nitrogen used for maintenance, 
equals 250 mg/day/W0-73 (where W is body 
weight in kilograms).
W i  is the body weight (in kilograms) on 
day i.

This last equation also can be expressed 
as:

dEn =  M W°-73dt

Therefore, the total loss of endogenous 
nitrogen over a period of f days is equal to: 

f
(E n ) f  =  M J  W°'73dt ( 6 )

O

Combining equations 5 and 6
f

tNPU =  B ~ B° +  J  W°-73dt (7 )

O

We have used this formula to calculate 
the long-term net protein utilization, taking 
as:
B, the mean body nitrogen of rats (16 ani­
mals) at the end of the experiment period 
(21-day-old rats fed the experimental diet 
for 112 days).
Bo, the mean body nitrogen of 21-day-old 
rats (9 animals).
I, the mean nitrogen intake during the 
experimental period.
M ,  250 mg/day/W0 73.
O, f, time interval between 21 and 133 
days.

RESULTS

Table 2 shows the body nitrogen, body 
weight, dietary intake, nitrogen intake and 
endogenous nitrogen of the rats fed the 
experimental diets in the short- and long­
term feeding trials.

S h o r t - te rm  tria l. The net protein utili­
zation of the casein diet determined in 2 
assays gave a mean value of 70.7 (70.5 
and 70.8). The net protein utilization of 
the gluten diet determined in 2 assays 
showed a mean value of 19.8 (17.8 and
21.7) (see table 3).

L o n g - te r m  trial. The long-term net pro­
tein utilization, calculated according to 
equation 7 for the casein diet was 75.2 
and for the gluten diet was 19.8 (see 
table 3).

DISCUSSION

The calculation of true net protein utili­
zation (tNPU) according to equation 7 im­
plies the estimation of apparent net protein 
utilization (aNPU) and of endogenous 
nitrogen. Apparent net protein utilization 
tends to diminish with the age of the ani­
mal because the weight increase for a given 
interval decreases with time (or age). In 
other words, the apparent retention of 
nitrogen tends to approach zero with time. 
Both diets show lower aNPU for the long­
term feeding trial (table 3).

Endogenous nitrogen has been shown to 
be a function of body weight (or area) in
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TABLE 2
Age and m ean  weight,  body nitrogen, dietary intake, nitrogen intake and endogenous  

nitrogen of rats fed different diets

Age Diet Weight Body N Dietary
intake N intake Endogenous N

d a y s 9 9 9 9 9

Long-term trial
21 Initial 30 0.77 — — —

133 Casein 273 7.12 1.043 18.35 7.48 1
133 Gluten 306 7.90 1.113 76.15 7.97 1

Short-term trial
31 Initial 64 1.68 — — —

41 Casein 81 2.28 70 1.23 0.37 1
41 Nonprotein 51 1.42 35 0.03 0.26 2

31 Initial 56 1.47 ____ ____ ____

41 Gluten 76 2.14 62 4.21 0.34 1
41 Nonprotein 46 1.28 42 0.05 0.19 2

1 C alculated  according to equation  6 .
2 C alculated  accord ing to equation  3.

TABLE 3
Short- and long-term net protein utilization  

for casein and gluten diets

True net 
protein 

utilization 
(tNPU)

Apparent
net

protein
utilization

(aNPU)

Casein (P  =  10.5)
Short-term 70.7 49.0
Long-term 75.2 34.8

Gluten (P =  35 .6)
Short-term 19.8 16.1
Long-term 19.8 9.4

various species (8). The validity of this 
function conditions the validity of the esti­
mation of endogenous nitrogen and there­
fore of long-term tNPU according to equa­
tion 7. Miller and Payne (6), working 
with rats, use 250 mg N/day/kg073 when 
calculating endogenous nitrogen from body 
weight. We have calculated this constant 
from the loss of body nitrogen in rats fed 
the nonprotein diet in 14 routine NPU as­
says and found it to be 199 mg N/day/ 
kg073, which can be considered of the same 
order as the previous figure. The agree­
ment between the calculated long-term and 
the short-term tNPU appears good using 
either of the constants: 75.2 and 67.8 vs.
70.7 for casein; 19.8 and 17.8 vs. 19.8 for 
gluten.

We have attempted to show the more 
general validity of equation 7 applying it 
to the data of our short-term feeding trial.

The performance of the animals estimated 
in this way is comparable with that of the 
rats on the long-term feeding experiment, 
namely, 79.0 vs. 75.2 for casein and 24.0 
vs. 19.8 for gluten, using M = 250 mg 
N/day/kg0-73; 73.0 vs. 67.8 for casein and
22.3 vs. 17.8 for gluten, using M =  199 mg 
N/day/kg0-73.

The estimation of tNPU according to 
equation 1 uses as measure of endogenous 
nitrogen the loss of body nitrogen of a 
group of rats fed a nonprotein diet. This 
would tend to underestimate endogenous 
nitrogen (and therefore tNPU) in the grow­
ing animal, and somewhat higher values 
should be expected (and were found) for 
tNPU when applying equation 7 to the cal­
culation of the short-term data.

Miller and Bender (2) introduce a cor­
rection for the nitrogen intake of animals 
fed the nonprotein diet when calculating 
tNPU:

where B, B k and I are as in equation 1 
and Ik is the nitrogen intake of the rats fed 
the nonprotein diet. If this correction is 
applied, the agreement between the cor­
rected short-term and long-term value is 
even better for casein (70.7 to 72.3 vs. 
75.2) and slightly worse for gluten (19.8 
to 21.7 vs. 19.8) than when the correction 
is not applied.

Diets of equal protein value (as NDp- 
Cals % ) containing casein and gluten were
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chosen. These proteins represent the most 
frequent types of amino acid lim itation ob­
served in hum an and anim al diets: sul­
phur-bearing amino acids (casein) and 
lysine (g luten).

There has been m uch discussion as to 
whether the essential amino acid require­
m ents vary during different stages of life. 
If the requirem ent of a certain essential 
amino acid varies with age, for a diet 
whose protein is limited by that amino 
acid, different protein values would be 
found depending on the age of the experi­
m ental animal.

As to the requirem ents of sulphur-bear­
ing amino acids, it is reported in the litera­
ture that: a ) young and adult animals 
have the same requirem ents (9 ) ; b ) adult 
animals have higher requirem ents than 
young ones (10, 11); and c) young ani­
mals have higher requirem ents than adult 
ones (12). Thus, Forbes and Yohe (9 ) 
observed that the requirem ents of sulphur­
bearing amino acids, expressed as percent­
age of total nitrogen ingested, are the same 
for young and adult rats; Mitchell and 
Beadles (1 0 ) and Hartsook and Mitchell
(11 ) reported a higher requirem ent of sul­
phur-bearing amino acids, expressed as 
percentage of the protein intake, for adult 
rats than  for young ones; Henry and Kon
(12) suggest that the requirem ents of 
sulphur-bearing amino acids decrease with 
the age of the rat.

However, according to some reports
(1 3 )  , the relative requirem ents of sulphur­
bearing amino acids, expressed in  relation 
to tryptophan, are higher for adult m en 
than  for children.

Reports in  the literature are conflicting. 
FAO (1 3 ), attem pting to simplify a com­
plex problem, calculate the requirem ents 
in term s of a type of protein, namely, they 
keep constant the relative proportions of 
essential amino acids, varying only the 
quantity of protein for each age.

Another point of controversy is that of 
the requirem ents of lysine; some authors 
are of the opinion that they are similar for 
the adult and for the young, whereas others 
state that they are higher in the young.

Neuberger and Webster (1 4 ) showed 
that the need for lysine is not as great in 
adult rats as in growing ones. Henry and 
Kon (3 ) experimented with bread proteins

on young and adult rats and they observed 
that lysine deficiency is relatively higher 
in  the young animal. Further experim ents 
by the same authors (1 2 ) appear to con­
firm that lysine requirem ent is higher for 
the young than for the adult animal. 
Forbes and Yohe (9 ) , Mitchell and Beadles
(1 0 ) and Jansen (1 5 ) agree with the other 
authors cited.

However, the lysine need expressed in 
relation to tryptophan is quite sim ilar in 
adults and in  children (13). Furtherm ore, 
Snyderm ann and Holt,7 working with h u ­
m ans, observed no experim ental support 
for the requirem ent of higher proportion 
of lysine during growth period.

The short-term determ ination of protein 
quality is in agreem ent with the results of 
the long-term feeding trial, namely, 70.7 
vs. 75.2 for casein and 19.8 vs. 19.8 for 
gluten. These values may be considered 
comparable, since in ten previous NPU 
assays the same diet gave the following 
values: average, 71.3; m ean error ±  0.8, 
and standard deviation ±  2.6. Comparable 
results could be interpreted as m eaning 
that the requirem ents for sulphur-bearing 
amino acids and lysine in  rats are essen­
tially the same through a considerable part 
of their life.

The initial age of the rats on the short- 
and long-term experiments was different 
(table 2). The long-term experim ent cov­
ers the period from 21 to 133 days of life, 
that is, 10 days before and 92 days after 
the short-term feeding trial (31 to 41 days 
of age). The long-term experim ent covers 
periods of life with possible different re­
quirem ents (3, 9 -1 5 ) m aking the agree­
m ent found all the more valid.

The results shown support the theory 
that the protein value of a diet rem ains 
constant throughout a considerable part 
of the life of the ra t but may not have a 
general validity for other proteins or other 
protein concentrations.
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ABSTRACT  D eficiencies in  the diet of m agnesium  and of potassium  were studied  
in  young growing rats. The m etabolism  of m agnesium  and potassium  are interrelated, 
and factors affecting this interrelationship are reviewed. A deficiency of m agnesium  
in  the diet produced a decrease in  cardiac m uscle potassium  and plasm a potassium , 
a decrease in  plasm a m agnesium  (tw o of three experim ents), and a decrease in  m uscle  
m agnesium  (one of two experim ents). Dietary potassium  deficiency produced an u n ­
expected increase in  plasm a m agnesium , a decrease in  cardiac m uscle m agnesium  and 
a decrease in  cardiac m uscle and plasm a potassium . From our experim ents and 
from the work of others w e conclude that a dietary deficiency of either m agnesium  
or potassium  produces a decrease in  the concentration of these ions in  cardiac m us­
cle and in  plasm a. The one exception is that of an increase in  plasm a m agnesium  w ith  
dietary potassium  deficiency. The hypothesis that these interrelationships are related 
to reactions involving energy production and ultilization is considered likely.

Most cells are characterized by their 
ability to m ain tain  a high intracellular con­
centration of potassium  in the presence of 
a lower concentration of this ion in  extra­
cellular fluid. As the principal cation in  
intracellular water, potassium  plays an im ­
portant role in  the m aintenance of osmotic 
pressure and acid base balance. The high 
intracellular potassium  level is m aintained, 
presumably, by energy processes within 
the cell or cell m embrane. In anim als ren­
dered potassium-deficient, histopathologic 
changes of the kidney and heart result, and 
in the case of the latter organ, the norm al 
electrical conductivity is apparently asso­
ciated with an unequal distribution of 
potassium between the intracellular and 
extracellular spaces (1, 2).

M agnesium is also present in  relatively 
high concentrations w ithin the cell and it 
is exceeded in am ount only by potassium. 
Cotlove et al. (3 )  were the first to demon­
strate that rats made deficient in  m ag­
nesium  by dietary m eans developed a sec­
ondary deficiency of potassium  within the 
cell. This observation has been confirmed 
by M acIntyre and Davidsson (4 ) , M anitius 
and Epstein (5 ) , and W hang and Welt (6 ) 
but not by Smith et al. (7 ) . Most investi­
gators have suggested that the decrease in  
intracellular potassium in m agnesium  de­

ficiency was due to a defect in ion trans­
port brought about by an im pairm ent in  
the energy yielding reactions (4, 6, 8, 9).

Vitale et al. (8 )  and Seta et al.z reported 
an uncoupling of oxidative phosphoryla­
tion in  m itochondria isolated from the 
heart of magnesium-deficient rats and Balt- 
scheffsky (10 ) showed that liver m ito­
chondria bathed in  a magnesium-free re­
action medium swelled with uncoupling of 
oxidative phosphorylation. N akam ura et 
al. (1 1 ) showed, by electron microscopy, 
morphological changes and swelling of 
liver m itochondria isolated from m agne­
sium-deficient rats.

The effect of potassium deficiency on 
m agnesium  metabolism has not been stud­
ied as extensively as the effect of m ag­
nesium  deficiency on potassium  m etab­
olism.

We decided to continue previous studies 
on the interrelationships of dietary potas­
sium and m agnesium  deficiency because

R eceived  for p u b lication  April 23, 1965.
1 Supported in  part by grants-in-aid from  th e N a ­

tion al In stitu tes  o f H ealth  nos. CA-1323CC10), HE- 
0 3 5 1 5 (0 7 ) ,  and AM -05501-04, U . S. P u b lic  H ealth  
Service, T he John A. H artford M em orial F und, and  
th e Fund for R esearch and  T each in g , D epartm ent of 
N u trition , H arvard School o f P ublic H ealth .

2 Seta, K., E. E. H ellerste in  and J. J. y ita le  1963  
In terrela tionsh ips betw een low  and h igh  dietary  potas­
siu m  and m agn esium . F ederation  Proc., 2 2 :  261 
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certain results in the literature were in 
conflict with other results, or appeared un ­
likely. For example, in dietary magnesium  
deficiency, plasm a potassium has been re­
ported to be unchanged. That intracellular 
m agnesium  rem ains unchanged or in ­
creased in dietary potassium deficiency ap­
peared to require confirmation. We also 
thought that a clinically more m eaningful 
tissue to study would be cardiac rather 
than  skeletal striated muscle.

The present studies deal with dietary 
deficiencies of potassium or magnesium , or 
both, in young growing rats.

EXPERIMENTAL PROCEDURE

Three separate experiments were carried 
out at different times. In all 3 experiments, 
male albino CD rats obtained from the 
Charles River Breeding Laboratories were 
used. All animals were housed in individ­
ual cages with screen bottoms and were 
fed and watered ad libitum.

Experim ent 1. Rats weighing 70 g were 
fed a commercial diet for a period of 5 
days. At the end of this time they were 
divided into 4 groups of 8, averaging 100 
g /ra t. They were fed a purified diet which

consisted of the following ingredients per 
100 g: casein (vitam in-free), 20.0; glu­
cose, 62.5; corn oil,3 9.0; cod liver oil, 1.0; 
cellulose,4 3.0; salt mix, 2.2; vitam in mix, 
0.5; CaC03, 0.5; choline chloride, 0.3; and 
cholesterol, 1.0. The vitam in m ix using 
glucose as a carrier, provided the following 
m g/kg  of diet: thiamine-HCl, 4; riboflavin, 
8; pyridoxine • HC1, 4; niacinam ide, 40; 
Ca pantothenate, 25; folic acid, 1; biotin, 
0.2 and menadione, 01.

Table 1 illustrates the design of the ex­
periment, the num ber of anim als per 
group, and the level of dietary Mg and K 
fed each group. In this and the subse­
quent experiments, m agnesium  was added 
to the diet in the form of MgO and potas­
sium as K2C 03. The basal diet prior to the 
addition of K and Mg contained less than  
2 mg of Mg and less than 10 mg of K 
per 100 g. The concentrations of other 
m inerals fed in this experim ent were the 
same as those provided by diets containing 
4% of the Jones and Foster (1 2 ) salt m ix­
ture. The diet contained the following in

3 Mazola, Corn Products Company, New York.
4 Cellu Flour, Chicago Dietetic Supply House, Chi­

cago.

TABLE 1
Effect  of Mg and K deficiency on w e igh t and tissue and plasm a electrolyte levels

Dietary Myocardium Plasma
Mg K Mg K Na Cl Mg K Na Cl
m g /100 g 9 mEq/hg wet tissue mEq/liter

6 100 82 1 10.9 71.0 52 4.5 0.60 1.8 146 103
6 800 94 15.5 74.9 47 4.2 0.40 3.8 147 105

96 100 119 11.5 74.3 45 4.6 3.02 2.8 148 102
96 800 160 15.7 84.4 41 3.8 2.25 4.8 149 103

6 50 38 1 7.97 72.7 50 3.5 0.61 3.3 146 91
6 100 44 1 8.60 78.3 47 3.3 0.83 3.6 146 96
6 500 41 1 8.87 81.3 42 3.3 0.49 4.3 145 104
6 800 61 1 8.77 81.3 39 3.4 0.43 4.7 147 100

12 50 41 1 8.07 76.3 51 3.5 0.90 2.9 143 94
12 100 49 7.80 82.0 51 3.7 0.60 3.6 148 99
12 500 88 9.33 86.3 40 3.5 0.83 4.7 146 103
12 800 74 9.10 87.3 39 3.7 0.85 4.6 145 104
48 50 41 1 7.20 78.3 46 3.7 1.82 3.9 146 91
48 100 71 7.93 83.7 46 3.8 1.72 3.2 147 98
48 500 92 9.77 84.7 37 3.7 1.35 4.2 146 105
48 800 82 9.07 86.7 40 3.8 1.35 4.9 144 104
96 50 46 1 7.50 78.0 46 3.5 1.79 3.4 145 92
96 100 82 10.73 82.7 43 3.6 1.79 3.9 146 97
96 500 117 10.63 86.7 40 3.6 1.58 5.5 144 100
96 800 112 10.93 87.3 39 3.6 1.30 5.4 145 104

1 Ten animals per group; all others contained 8 rats per group. Experimental period was 19 to 
20 days.
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m Eq/kg: Na, 90; Ca, 320; Cl, 90; and 
P, 106. After 19 to 20 days, the rats were 
anesthetized with ether and through an 
abdominal incision blood was drawn from 
the abdominal aorta with a heparinized 
syringe. The following plasm a constituents 
were determ ined: m agnesium  (1 3 ), cal­
cium (1 4 ), sodium and potassium by flame 
photometry,5 and chloride (15).

The kidney and the apex of the heart 
were fixed in 10% form alin and examined 
microscopically. Stains included hematoxy­
lin and eosin and periodic acid Schiff. 
Occasional slides were stained with von 
Kossa, Alizarin red S, and PAS diastase. 
The left kidney of each anim al was 
weighed. The rem ainder of the heart was 
cut transversely and each part was 
weighed. One of these was homogenized 
in 10 volumes of water, and the other 
portion was dried to constant weight in 
an oven set at 90°. The homogenate was 
allowed to stand 72 hours at 5°, centri­
fuged, and the supernatant was analyzed 
for Na, K, Mg, and Cl by the methods de­
scribed above. The results are expressed 
as milliequivalents per kilogram of wet 
tissue. The efficiency of the method used 
for extraction of the tissue was compared 
with a digestion method and an ash pro­

cedure. The 3 procedures gave comparable 
results, and because of the simplicity of 
the first method, this one was used. The 
above method for analysis of tissue elec­
trolytes and tissue water was also carried 
out in the subsequent experiment.

Experim ent 2. In this experim ent rats 
weighing approximately to 50 g were fed 
commercial laboratory chow 6 for several 
days after which time they were divided 
into 16 groups, averaging 75 g /ra t. They 
were fed the basal ration listed above to 
which were added varying amounts of Mg 
and K. These anim als were killed after 
21 days.

Experim ent 3. In this experim ent wean­
ling rats were fed commercial laboratory 
ch o w 7 for 7 days, were divided into 4 
groups averaging from 77 to 79 g /ra t, and 
were fed, ad libitum, the basal diet (exp. 
1) containing levels of Mg and K as indi­
cated in  table 2. There were 30 animals 
per group; 10 anim als from each group 
were killed as described above after 1, 2 
and 3 weeks. Cardiac tissue was not ana­
lyzed but ra ther a portion of the ventricle,

5 Baird-A tom ic, Inc., Cam bridge, M assachusetts.
6 P u rina Laboratory Chow, R alston  P u rina Com pany, 

St. Louis.
7 See footnote 6 .

TABLE 2

Effect of  dietary K and  Mg on electrolytes and morphologic changes

Dietary Mg, mg/100 g 
Dietary K, mg/100 g

6
50

6
500

96
50

96
500

After one week :
1. W eight gain, g 14.9 27.3 16.1 32.0
2. Serum K, m E q/liter 2.7 4.4 2.6 4.6
3. Serum m g, m E q/liter 1.13 0.87 2.28 1.92
4. Left kidney X 100/body wt 0.632 0.440 0.643 0.452
5. Renal K deficiency 10/10 0 /1 0 10/10 0 /1 0
6. Heart lesions 1 /10 3 /1 0 1 /10 0 /1 0

After 2 weeks :
1. W eight gain, g 22.1 59.4 30.1 77.2
2. Serum K, m E q/liter 1.95 3.7 2.3 4.3
3. Serum Mg, m E q/liter 1.93 0.62 2.23 1.67
4. Left kidney X 100/body wt 0.707 0.440 0.628 0.429
5. Renal K deficiency 9 /9 0 /1 0 10/10 0 /1 0
6. Heart lesions 3 /9 2 /1 0 2 /1 0 1 /10

After 3 weeks
1. W eight gain, g 30.1 82.5 50.7 120.6
2. Serum K, m E q/liter 2.4 4.2 2.2 4.4
3. Serum Mg, m E q/liter 0.97 0.62 2.28 1.68
4. Left kidney X 100/body wt 0.745 0.456 0.649 0.395
5. Renal K deficiency 9 /1 0 0 /1 0 10 /10 0 /1 0
6. Heart lesions 9 /1 0 2 /1 0 4 /1 0 0 /1 0
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other than  the apex, was used for micro­
scopic examination.

The results of all experiments were ana­
lyzed for statistical significance by co- 
variance analyses (16).

R E S U L T S

Growth. Tables 1 and 2 show the 
weight gain of the anim als in  the various 
groups from experim ents 1, 2 and 3. In 
experiments 1 and 3, anim als fed diets de­
ficient in either Mg or K grew relatively 
less than  those anim als fed the diet con­
taining the highest level of Mg and K. In 
experim ent 2, at any level of dietary Mg 
an increase in  the level of dietary K above 
50 m g/100 g resulted in an  increased 
weight gain. The difference in  weight gain 
between the groups fed at the two highest 
levels of K lacked statistical significance. 
Thus, under the conditions of experiment 
2, the K requirem ent appeared to be some­
where between 100 and 500 m g/100 g of 
diet.

Nevertheless, at any level of dietary K, 
maxim al weight gain did not appear to be 
obtained at the highest level of Mg fed. At 
every level of dietary K, an increase in the 
level of dietary Mg from 48 to 96 m g/100 g 
resulted in  a significant gain in  weight 
(P  <  0.05). Therefore, the dietary Mg re­
quirem ent for m axim al weight gain in this 
experim ent (exp. 2 ) may not have been 
obtained.

Plasma electrolytes. Table 1 lists the 
concentrations of various electrolytes ob­
served in the plasm a and in heart tissue.

The effect on plasm a electrolytes in  ex­
perim ent 1 can be summarized as follows: 
low dietary Mg produced hypomagnesemia 
and low dietary K produced hypokalemia 
as expected. In addition, and of greater 
moment, the low dietary Mg produced 
hypokalemia and low dietary K produced a 
rise in  serum Mg. All of these changes 
were statistically significant (P  <  0.05).

The plasm a Mg decreased from 3.02 to 
0.60 m E q/liter with a decrease in  dietary 
Mg from 96 to 6 m g/100 g, the dietary K 
being 100 m g/100  g. A similar decrease 
was noted with a decrease in  dietary Mg 
with the dietary K being 800 m g/100 g.

The plasm a K decreased from 3.8 to 1.8 
m E q/liter with a decrease in the dietary 
K from 800 to 100 m g/100 g the dietary 
Mg being 6 m g/100 g. A similar decrease

was noted with decrease in  dietary K with 
the dietary Mg being 96 m g/100 g.

The plasm a K decreased from 2.8 to 1.8 
m E q/liter with a decrease in the dietary 
Mg from 96 to 6 m g/100 g, the dietary K 
being 100 m g/100 g. Similarly, the plasm a 
K decreased from 4.8 to 3.8 m E q/liter with 
a decrease in  the dietary Mg from 96 to 
6 m g/100 g, the dietary K being 800 
m g/100  g.

The plasm a Mg increased from  2.25 to
3.02 m E q/liter with a decrease in  the 
dietary K from 800 to 100 m g/100 g the 
dietary Mg being 96 m g/100 g. The simi­
lar phenom enon at the lower level of die­
tary Mg lacked statistical significance.

There were no statistical differences in 
the concentrations of serum  Cl or serum 
Na between groups in experim ent 1.

Table 1 shows the changes in serum 
electrolytes in  the rats of experim ent 2. 
Covariance analysis (table 3) of the data 
obtained on serum electrolytes allowed the 
following conclusions: dietary deficiency 
of Mg produced hypomagnesemia and die­
tary deficiency of K produced hypokalemia. 
In addition, dietary Mg deficiency produced 
hypokalemia. Dietary K deficiency tended 
to produce an increase in serum Mg al­
though the effect was of borderline statisti­
cal significance (0.10 >  P >  0.05). No sig­
nificant interaction was noted; i.e., no 
synergistic effects between dietary K and 
Mg on serum K were observed.

The plasm a Cl level appears to be a 
function of dietary K and not of dietary 
Mg. Regardless of the level of dietary Mg, 
increase in the K content of the diet from 
50 to 100 to 500 or 800 m g/100 g resulted 
in an increase in  plasm a Cl concentra­
tion. W ith respect to serum Na, no differ­
ences were noted in concentration between 
groups.

Table 2 illustrates the changes in serum 
electrolytes in  the ra ts of experim ent 3 
after 1, 2 and 3 weeks. The results can 
be summarized as follows: low dietary Mg 
produced hypomagnesemia and low dietary 
K produced hypokalemia. Low dietary Mg 
had no effect upon plasm a K. However, 
low dietary K produced an increase in  
plasm a Mg (P <  0.01). These effects were 
apparent even at one week.

Cardiac electrolytes. In experim ent 1 
a decrease in dietary Mg at either level of
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dietary K produced no change in content 
of cardiac Mg. A decrease in  dietary K 
produced a significant decrease in  heart K. 
Additionally, a decrease in  dietary Mg pro­
duced a significant decrease in  heart K and 
conversely a decrease in dietary K produced 
a decrease in  heart Mg.

Covariance analysis of cardiac electro­
lyte data of experim ent 2 is provided (table
4). The dietary Mg deficiency lowered not 
only the concentration of Mg in heart tis­
sue but also that of K. Dietary K deficiency 
similarly lowered not only the concentra­
tion of K in  heart tissue but also that of 
Mg. No interaction of dietary K and Mg 
on heart Mg was noted. However, there 
was a synergistic effect of dietary K and 
Mg on heart muscle K.

The average w ater content of cardiac 
tissue in  all anim als from experim ent 1 
and experim ent 2, regardless of the diet 
fed, was 77.6% with a range from  76.1 
to 78.7% . Dietary K deficiency resulted in 
increased levels of N a in  the heart tissue. 
Similarly, dietary Mg deficiency also caused 
an increase in  heart Na but this effect of 
Mg deficiency was limited to the anim als 
fed at the two lowest levels of dietary K. 
The increase in the Na content of the heart 
undoubtedly reflects the changes in  the 
intracellular com partm ent inasm uch as the 
Cl level observed for heart tissue was low 
and equal for all groups. Upon subjecting 
all of the electrolyte data to the formulae 
used to calculate intracellular concentra­
tions it becomes readily apparent that the

TABLE 3
Statistical analyses (exp. 2)

df
Sum of 
mean 
square

Mean
square F P value

Dietary K, m g /1 0 0  g 
Dietary Mg, m g /1 0 0  g 

Between groups 
W ithin groups 
Interaction

Effect of dietary K and Mg on serum Mg 
3 0.9301 0.3 
3 14.5106 4.6  

16.3573
32 3.5839 0.1119 

9 0.9166 0.1017

2.77
41.1

0.908

>  0.05 
<  0.01

>  0.05

Effect of dietary K and Mg on serum K
Dietary K, m g /1 0 0  g 3 5.6542 1.8852 9.821 <  0.01
Dietary Mg, m g /1 0 0  g 3 24.7437 8.2479 42.93 <  0.01

Between groups 32.6692
W ithin groups 32 6.15 0.1921
Interaction 9 2.27 0.252 1.3 >  0.05

TABLE 4
Statis tical analyses (exp. 2)

df
Sum of 
mean 

square
Mean
square F P value

Effect of dietary K and Mg on heart m uscle Mg
Dietary K, m g /1 0 0  g 3 633.98 211.33 25.33 <  0.01
Dietary Mg, m g /1 0 0  g 3 220.10 73.36 8.79 <  0.01

Between groups 877.00
W ithin groups 32 267.01 8.34
Interaction 9 22.97 2.56 0.31 >  0.05

Effect of dietary K and Mg on heart m uscle K
Dietary K, m g /1 0 0  g 3 28.58 9.53 14.46 <  0.01
Dietary Mg, m g /1 0 0  g 3 17.97 5.99 9.09 <  0.01

Between groups 61.53
W ithin groups 32 21.00 0.66
Interaction 9 14.98 1.67 2.53 <  0.05
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changes do represent those in the in tra ­
cellular space. There were no statistical 
differences between Cl concentrations of 
heart tissue in  any of the groups in  experi­
m ents 1 and 2. The levels observed for 
intracellular K are quite sim ilar in experi­
m ents 1 and 2, although the intracellular 
concentrations of Mg appear to be higher 
in experim ent 1.

Morphological observations (table 2). 
Dietary K deficiency produced a relative 
(and  absolute) increase in  renal weight. 
The results are similar to the unpresented 
data obtained in experiments 1 and 2. The 
kidney sections were evaluated as u n ­
knowns for renal signs of K deficiency by 
use of the following criteria: medullary 
tubular epithelial changes including the 
presence of intercalated cells, cells with 
abundant cytoplasm irregularly protruding 
into the lumen, and apparent increase in 
pyknosis and mitosis; PAS-positive gran­
ules in tubular cells and intertubular cells 
of the outer medulla; and PAS-positive 
granules in collecting tubules, interstitium  
and pelvic epithelium of the inner medulla. 
Virtually all of the rats fed K-deficient diets 
showed these renal lesions of K deficiency 
after 1, 2 or 3 weeks, whereas none of the 
rats with higher dietary K, 500 m g/100 g, 
showed such lesions.

Dietary Mg deficiency produced after 2 
weeks a small increase in  renal weight 
relative to body weight. Intralum inal cal­
cium deposition in the outer medulla and 
deep inner cortex was absent in  rats fed 
diets containing 96 mg M g/100 g. Such 
calcium deposition was noted in rats fed 
a Mg-deficient diet, and at a high level of 
dietary K, as compared with a low level of 
dietary K, appeared to increase the fre­
quency (9 /1 0  vs. 3 /1 0 ) and m agnitude 
thereof. The calcium deposition was, at 
most, only minimal. Furtherm ore, in  ex­
perim ent 2, less than  10% of the Mg-defi- 
cient rats showed calcium deposition; from 
these and other experiments we have con­
cluded that renal calcium deposition in Mg 
deficiency depends in part on factors other 
than  Mg.

The cardiac lesions were patchy and 
showed varying combinations of myo- 
cytolysis, edema, neutrophilic response and 
particularly an increased num ber of mono­
nuclear cells, some of which with indistinct

cytoplasm had nuclei indistinguishable 
from those of nearby myocardial cells. No 
distinguishing difference could be deter­
mined between the cardiac lesions of rats 
deficient in  K or Mg. It is apparent that 
the combined deficiency after 3 weeks pro­
duced a greater num ber of such lesions 
than did any other diet.

Other observations. Hyperemia of the 
ears, a well-known sign of Mg deficiency, 
was looked for and recorded in  experi­
m ent 2 and found in  those anim als fed 
at the two lowest levels of dietary Mg. 
However, this sign had its onset earliest 
(7  to 10 vs. 18 to 20 days) and occurred 
more frequently (100 vs. 55 % ) in the 
2 groups fed at the highest level of K as 
compared with those fed at the lowest 
levels of this cation. None of the ra ts in 
any of the groups developed diarrhea while 
supplied with the experim ental diets.

DISCUSSION

Several results of the studies presented 
are in agreem ent with those published by 
other investigators. Mg deficiency has been 
shown to result in  a decreased concentra- 
of K within the intracellular com partm ent 
despite the adequacy of the diet in K (3 -6 ) . 
There is good evidence that this deficit of 
intracellular K is not the result of kidney 
dysfunction (5, 6 ), but rather is probably 
due to a disruption of the m echanisms in ­
volved in  m aintaining the concentration 
gradient between intracellular and extra­
cellular K levels (4, 6).

The relationship between oxidative phos­
phorylation and ion transport appears to 
be fairly well established (1 7 -2 4 ). Mag­
nesium  is essential for oxidative phosphor­
ylation, and an uncoupling of this reaction 
occurs in heart m itochondria isolated from 
Mg-deficient rats (8 ). Similarly, W hang 
and Welt (6 ) demonstrated that in tact ra t 
diaphragm s when bathed in  a K-free media 
lost K and that this loss could be signifi­
cantly reduced by the addition of Mg to the 
media. Even in  the presence of K in  the 
m edia there was a significant loss of tissue 
K when Mg ions were omitted from the 
bath. Other studies have been carried out 
in other species of anim als (dog and m on­
key) (9, 25), and the results have indi­
cated that Mg is necessary for the m ainte­
nance of K within the cell. In these studies,
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dogs and monkeys made hypomagnesemic 
developed marked sensitivity to adm inis­
tered cardiac glycosides.

Skou (2 1 ), and Post et al. (2 6 ), Dun­
ham  and Glynn (27 ) and Glynn (18 ) 
showed that m em brane adenosine triphos­
phatase (ATPase) activity is intim ately 
linked to transport of ions and that ATPase 
activity of nerve cells and red blood cell 
membranes is Mg-dependent. Their results 
strongly support the view that Mg defi­
ciency results in  a loss of intracellular K.

Dietary K deficiency resulted in  de­
creased tissue and extracellular K concen­
trations but there is little reported in the 
literature concerning the m echanisms in ­
volved. If an essential nutrient is not fed, 
it would be expected that decreased con­
centrations of the nutrien t would occur 
within the body. However, if Mg deficiency 
disrupts ATPase activity of cell membranes 
causing a loss of intracellular K, is it not 
equally valid to suppose that K deficiency 
or exclusion of K from  the media also de­
creases ATPase activity of cell mem branes 
causing a loss of intracellular K as well 
as Mg? Dunham  and Glynn (27, 18) have 
reported that ATPase activity of red blood 
cell m em branes is dim inished not only in 
the absence of Mg but in  the absence of 
K as well. In fact, in  the studies reported 
by W hang and Welt (6 ) , although these 
investigators failed to mention it, the addi­
tion of K to the m edia resulted in a signifi­

cant retention of diaphragm  Mg although 
no Mg was added to the media. Conversely, 
in the absence of Mg from the bath, there 
was a greater loss of tissue Mg when K 
was omitted. However, in the in  vivo stud­
ies of W hang and Welt (6 ) , ra ts fed vita­
m in K-deficient diets showed a decrease in 
muscle m agnesium  as calculated from 
their data.

Cotlove et al. (3 ) , however, reported no 
change in  the m agnesium  content of skele­
tal muscle in potassium-deficient animals. 
We, nevertheless, observed a significant 
decrease in cardiac Mg in rats fed low 
potassium diets.

In experim ent 1 of the present studies, 
Mg deficiency was not associated with a 
decrease in  cardiac Mg, whereas a decrease 
in  tissue Mg was observed in experim ent 2. 
Although tenuous, the explanation for ab­
sence of a decrease in tissue Mg in experi­
m ent 1 may be related to the fact that these 
anim als were larger initially and may have 
had greater Mg stores to begin with. Per­
haps for these and other reasons not read­
ily apparent, the feeding of a diet con­
taining a high level of dietary potassium 
prevented such a decrease in tissue Mg in 
anim als fed a Mg-deficient diet.

The effect of dietary Mg deficiency on 
muscle Mg is not clear; three out of four 
studies by other investigators dem onstrated 
a decrease in muscle Mg, and the fourth 
showed a decrease in tissue Mg in rats fed

TABLE 5
Observed effect of dietary deficiencies of Mg and  K on muscle  and p lasm a levels

D ietary M g defic iency D ietary K deficiency

A uthors M uscle 1 P la sm a  M uscle 1 P lasm a

Mg K Mg K M g K M g K

Cotlove et al. (3 )  (1 9 5 1 ) 4 4 NT 2 — - 4 NT 4
M aclntvre and Davidsson (4 )  

(1 9 5 8 ) 4 4 4 — END 2 END END END

Smith et al. (7  ) (1962  ) 4 — 4 — END END END END

M anitius and Epstein ( 5 )  (1 9 6 3 ) NT ; 4 — NT 4 4
W hang and W elt (6 )  (1 9 6 3 ) 4 3 4 1 — t 4 — 4
Seta et al. (present studies) — i 4 4 4 4 t 4

4 i 4 4 4 4 — 4
NT NT 4 — NT NT t 4

1 Present stud ies used card iac m u scle; a ll other stud ies used  skeleta l m uscle.
2 NT =  not tested; EN D  =  experim ent not done; =  increase; ^ =  decrease; — - n o  ch an ge  (P  >  0 .0 5 ).
3 Three out o f fou r experim ents.
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Mg-deficient diets in three out of four ex­
perim ents (table 5). T hat K deficiency 
produces hypokalemia and that Mg defi­
ciency resulted in  hypom agnesem ia is well- 
known.

An unexpected result was observed in 
experim ent 1 and 3. In these experiments 
there was a significant increase in  serum 
Mg in rats fed K-deficient diets. In experi­
m ent 2, this increase in  serum Mg lacked 
statistical significance (P  >  0.05). We sub­
m itted the data of M anitius and Epstein
(5 )  to statistical procedures and concluded 
that dietary K deficiency produced a sig­
nificant increase in serum  Mg; this was 
not indicated by the authors. A similar 
statistical procedure was carried out with 
the data of W hang and Welt (6 )  and the 
increase in  serum Mg was not significant.

W hether the observed increase in plasm a 
m agnesium  in potassium-deficient animals 
is related to renal function is yet to be 
determined.

Finally, the effect of Mg deficiency on 
plasm a K was not consistent in  our experi­
ments. There was a significant decrease 
in plasm a K as a result of Mg deficiency 
in two out of three experiments. Other 
investigators have shown no change in 
plasm a K in dietary Mg deficiency. It is 
highly unlikely that our results can be 
attributed to a deficient potassium  intake 
resulting from low food intake inasm uch as 
(a )  this effect occurred in  anim als whose 
dietary potassium  concentration was two 
to four times that considered m inim al 
(2 8 ) , and (b ) it is a general truism  that a 
caloric deficiency tends to “protect against” 
ra ther than  to elicit m anifestations of a 
deficiency of other constituents.

The data of our experim ents strongly 
suggest that intracellular and extracellular 
Mg and K levels are all influenced by die­
tary Mg and dietary K deficiency. The 
studies of others suggest an interrelation­
ship but none have shown as complete an 
interrelationship of these 2 ions on plasm a 
and muscle levels as indicated in the pres­
ent studies.

Although there are num erous references 
to a sodium-K pump, very little mention, 
or none, has ever been made of a Mg pump 
even though the presence of a high in tra ­
to extracellular Mg concentration would 
heavily prejudice the prediction of the

existence of such a pump. Indeed, it m ight 
be speculated that there is one pump for 
at least Na, K and Mg.

We are well aware that the interrelation­
ship between K and Mg metabolism is not 
and cannot be simply a function of the 
concentration of only these 2 dietary vari­
ables. Just as the plasm a and tissue values 
of one ion have been shown to be a func­
tion of other ions, and in  fact, other vari­
ables, so too are the morphologic lesions of 
ion deficiencies dependent upon a variety 
of variables (4, 29 ); these include absolute 
and relative am ounts of various dietary 
ions (30). Thus, rats deficient in  K showed 
more striking renal hyperplasia and tubu­
lar changes if the diet was, in  addition, 
NaCl-deficient (3 1 ). Craig and Schwartz
(3 2 ) reported that K-deficient ra ts given 
Na as NaCl developed cardiac necrosis, 
whereas similarly treated rats given N a as 
NaHCOa developed no cardiac necrosis.

W eight gain or, conversely, tissue catab­
olism also affects the morphologic and bio­
chemical m anifestations of dietary defi­
ciencies. Thus, to obtain a positive nitro­
gen balance and consistent results Spargo
(3 3 ) and Spargo et al. (3 4 ) first depleted 
3-month-old ra ts to 75% of their original 
weight and then tube-fed a synthetic diet 
containing amino acids as the source of 
nitrogen. In the present experiment, the 
rats were young and fed ad libitum. The 
renal lesions of K deficiency developed 
fairly rapidly but the cardial lesions lagged 
(exp. 3 ). Nevertheless, in  view of the ex­
tensive work of Selye (35 ) on the cardio- 
toxic effects of combinations of various 
hormones, phosphate, K, Mg, and various 
stresses, we have some reservations about 
using depleted animals.

It should be emphasized that our K-defi- 
cien diets are only moderately deficient 
compared with those of most investigators. 
Our low K diets provided 50 m g /100 g of 
diet, whereas most investigators use levels 
of 1 to 10 m g /100 g. Kornberg and Endi- 
cott (28 ) concluded that a diet containing 
170 mg of K /100 g was the m inim al re­
quirem ent for optimal growth and preven­
tion of lesions. Conceivably, the fact that 
the K deficiency in the present experim ent 
was a moderate one may be related to the 
eliciting of the observed K-Mg interrelation­
ships.
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The relationship of dietary Mg deficiency 
to calcium metabolism is a moot one. Mac­
Intyre and Davidsson (4 )  reported that 
rats fed Mg-deficient diets developed a 
hypercalcemia, and further that nephro- 
calcinosis occurred only in  the presence of 
hypercalcemia. Our present and previous 
experience is contrary to both parts of their 
observations (3 6 ). Thus, in  the present 
experiment Mg deficiency did not produce 
hypercalcemia. The plasm a Ca, 9 to 10 
m g/100 ml, was relatively constant in all 
groups; nevertheless, the Mg-deficient rats 
did show a modest (morphologic) nephro- 
calcinosis. Forbes (2 9 ) also observed no 
hypercalcem ia in  Mg deficiency and in  fact 
fu rther found that comparison of the Ca, 
Mg and P content and pH of the urine did 
not reveal a basis for prediction of renal 
calcification; his results on the effect of Mg 
deficiency upon urinary Ca and P were in 
striking contrast with those of Smith et al.
(7 ) .

This cursory survey of the relation of 
some other factors to the metabolism of K 
and Mg indicates that studies by us and 
others all have, of necessity, taken a vary- 
ingly limited view of a complex problem. 
Future studies on the effect of dietary de­
ficiencies of these ions upon tissue levels 
should also include evaluation of the 
energy yielding systems.
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ABSTRACT  Germfree rabbits m aintained w ith steam -sterilized diets containing  
moderate am ounts of iron and copper from  natural ingredients but relatively high  
am ounts of these m inerals as supplem ental salts, showed low  hem oglobin, hematocrit 
and plasm a iron levels, and high plasm a total iron-binding capacity (TIBC) values. 
Plasm a copper values were normal. Either conventionalization of these germfree rab­
bits or transfer to a steam -sterilized diet w hich contained more iron from  natural 
ingredients (soybean m ea l) but less total am ount of this m ineral alleviated all sym p­
toms of iron deficiency anem ia w ithin  4 weeks. The effect of feeding this last diet to 
germfree and conventional rabbits from  w eaning was then investigated. After the 
diet had been fed for 8 weeks, plasm a copper, iron, TIBC, and percentage saturation  
of iron-binding protein levels were sim ilar in  germfree and conventional rabbits. 
Hem oglobin and hem atocrit values were slightly lower but w ithin norm al range in  
germfree rabbits. The iron content of liver, spleen and kidney was lower in  germfree 
rabbits than in  conventional rabbits. There was no difference between the copper con­
tent in  these organs. It is concluded that germfree rabbits utilized iron more efficiently 
from  a natural source than from the usual m ineral suuplem ent.

Germfree rabbits showed poor post- 
weaning growth and no reproduction when 
fed the modified commercial-type diets pre­
viously reported (1 ) . W hen a successful 
germfree ra t and mouse diet L-462 (2 )  was 
fed to germfree rabbits, it was found neces­
sary to increase the cations, especially for 
m agnesium  and potassium, in  order to 
prevent severe aciduria.3 Increasing the 
water content of this form ula L-473E5 to 
about 30% prior to autoclaving improved 
vitam in retention (3 )  and perm itted the 
first successful reproduction by germfree 
rabbits.

In an effort to reduce the browning of 
this diet during sterilization, the skim milk 
powder was omitted, and the levels of iron 
and copper were reduced from w hat ap­
peared to be unnecessarily high levels. The 
resulting diet L-477 showed m uch less 
tendency to brown. It supported growth 
and reproduction of germfree and conven­
tional guinea pigs (4 )  and of conventional 
rabbits. Germfree rabbits fed this diet, 
however, showed bone fragility, severe 
anem ia and irregular pregnancies, and 
were unsuccessful in nursing their young. 
The anemia was of the microcytic and 
hypochromic type which in  rabbits has 
been associated with a deficiency of iron, 
copper or both (5 ).

Hove and Herndon (6 )  observed that 
rabbits have high requirem ents for potas­
sium and they associated bone fragility 
with a deficient potassium intake. Thacker
(7 ) dem onstrated that, in  rabbits, a basal 
ration which produced neither norm al 
hemoglobin nor adequate bone ash levels 
was corrected when supplemented with 
salts of sodium, potassium, calcium or 
m agnesium  carrying an anion metabolized 
to C 02 and H20. Added as chlorides or sul­
fates, this cation supplem entation showed 
no effect. Comparing casein and soybean 
m eal diets for rabbits, Hove and Herndon
(8 ) had observed that defatted soybean 
m eal (commercial, solvent-process) was 
a superior source of protein and that nu tri­
ents other than  the amino acids were lim it­
ing in  the casein diet and were contributed 
by the soybean meal. Moreover the soy­
bean m eal provided high levels of easily 
available potassium, m agnesium, iron and 
copper. Considering these factors it was
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decided to elim inate casein completely 
from  the diet, provide more iron and cop­
per from a natu ral source and to increase 
carbonate ions at the cost of sulfates. To 
this effect diet L-478 was formulated 
( table 1 ) which incorporated both soybean 
m eal and a m ineral m ixture in which 
MgSCh was replaced largely by MgCCh. The 
total levels of potassium , iron, copper and 
alfalfa m eal were increased slightly over 
those in  diet L-477.

The object of this investigation was to 
study the effect of this new diet L-478 in 
correcting the anemia and irregular preg­
nancies observed in  germfree rabbits fed 
diets L-473E5 and L-477. The iron-trans­
port system and iron and copper storage 
were also investigated since these 2 trace 
m inerals are associated mainly with micro­
cytic and hypochromic anemia in rabbits.

TABLE 1

Composition of solid diets developed for 
germfree rabbits

D iets

L—473E5 L-477 L-478

% % %
W heat, ground 30 32 20
Corn, ground, yellow 9.25 14.55 15
Oats, rolled 20 22 18
Soybean m eal — — 25
Lactalbumin 10 10 5
Casein 5 7.8 —

Whole m ilk powder 10 — —

Alfalfa, dehydrated 2 2 5
Liver, desiccated 2 2 2
Corn oil — 3 3
CaC03 1.1 1.1 0.75
CaH P04-2H20 — 0.4 1
M g(C2H30 2) 2-4H20 0.95 0.95 0.75
CH3COOK 0.9 0.9 1.2
Salts-17 1 1.75 — —

Salts-24 2 — 1 —

Salts-26 3 — — 1
Ladek-3 (fat-

soluble v itam in s) 4 2 2 2
B vitam in mixture-75 4 0.25 0.25 0.25
Inositol 0.05 0.05 0.05

1 Salts-17 contain ed : ( in  m illig ra m s) N aC l, 550;
KI. 4.5; MgSOj, 449; FeC6H50 7-5H 20 .  450; C uS04- 
5H20 , 22.4; M n S 04 H 20 , 57.7; Z n S 0 4 H 20 ,  3.8; M o03, 
3; N aF, 1.5; CoC12-6H20 ,  3; N a 2B 4O7-10H 2O, 3;
A 1K (S04) 2-12H 20 ,  4.5.

2 Salts-24 con ta in ed : ( in  m illig ra m s) N aC l (iod ized ), 
530; M gS 04, 400; FeC6H 50 7-5H20 ,  60; CuO, 2.5; 
M nC 03, 4.2; ZnO, 2.5 and ( in  m icrogram s) M o03, 
15; N aF, 22; CoCl2-6H20 ,  400; KBr, 10; N a 2S e 0 3, 10.

3Salts-26 contain ed : ( in  m illig ra m s) N aC l (iod ized), 
530; MgSO„, 100; MgCOs, 300; FeC6H 50 7-5H20 .  80; 
CuO, 3.8; MnCOs, 4.2; ZnO, 2.5 and ( in  m icrogram s) 
Mo0 3, 15; N aF, 22; CoCl2-6H20 ,  400; KBr, 10;
N r 2S e 0 3, 10.

4 Z im m erm an and W ostm ann ( 3 ) .

MATERIALS AND METHODS

The rabbits used in this investigation 
were of Dutch belted strain and mixed sex. 
The germfree rabbits were Caesarian-born 
and were handfed a milk diet by improved 
hand rearing methods (4 ) . After weaning, 
the germfree rabbits were housed in  Rey- 
niers-type isolators with wire-screen bot­
toms (9 ) and m aintained with either one 
of the steam  sterilized diets L-473E5, L-477 
or L-478 (table 1). Conventional and con­
ventionalized 4 rabbits were housed in  the 
temperature-controlled open colony room 
and fed steam-sterilized diets L-477 or 
L-478. The water content of all diets was 
approximately 30% before sterilization. 
The housing conditions of germfree and 
conventional anim als were comparable.

Experim ent 1. This prelim inary exper­
im ent was designed to study the effects of 
protein and m ineral composition of the 
diet and the influence of germfreeness on 
the blood hemoglobin levels and iron-trans­
port system in adult rabbits. All anim als 
were germfree and approximately 6 m onths 
old at the start of the experiment. Rabbits 
in group 1 had been m aintained with diet 
L-473E5 from weaning, the anim als in 
groups 2 and 3 had been fed diet L-477. 
At the start of the experim ent the rabbits 
in group 1 were transferred to diet L-478, 
whereas anim als in group 2 and 3 contin­
ued to be fed form ula L-477. Groups 1 and 
2 rem ained germfree, but the rabbits in 
group 3 were conventionalized by bringing 
them out of the germfree isolator to con­
ventional anim al quarters. The duration 
of the experim ent was 6 weeks. Two an i­
mals were used in each group. Food and 
water were supplied ad libitum. Blood was 
collected from the heart into a heparinized 
syringe at the beginning of the experim ent 
and also at weekly intervals. To avoid the 
effects of diurnal variation blood samples 
were taken at the same time of the day 
throughout the experim ental period.

Experim ent 2. Since experiment 1 had 
dem onstrated that anemia in germfree rab­
bits fed diet L-473E5 or L-477 was allevi­
ated either by transferring these anim als 
to diet L-478 or by conventionalizing them, 
experim ent 2 was designed to study the

4 The expression  “con ven tion a lized ” refers to germ ­
free an im als transferred  from  germ free iso lators to 
con ven tion al an im al quarters w here they cou ld  acquire  
a n orm al m icrobiota.
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effect of continuous feeding of diet L-478 
on hemoglobin levels, on the iron and cop­
per transport systems, and on iron and 
copper storage. Five germfree and four 
conventional weanling rabbits were fed, 
ad libitum, diet L-478, and weekly weights 
were recorded. The duration of the experi­
ment was 8 weeks. After the experim ental 
period, the anim als were anesthetized with 
ether, blood was collected from the heart 
into a heparinized syringe and the residual 
blood was removed as m uch as possible by 
bleeding freely from the carotid arteries. 
Liver, spleen and kidneys were removed, 
blotted gently to remove traces of blood and 
weighed. The weight of cecal contents was 
also determined, since even nutritionally 
adequate diets would not be useful if they 
caused abnormal cecal distention.5 6

Biochemical determinations. Iron and 
copper were determ ined in  both steam- 
sterilized and nonsterilized diets by an 
AOAC colorimetric procedure (1 0 ). Meth­
ods for determ ining hemoglobin and hem a­
tocrit in blood, and for determ ining iron 
and copper in  liver, spleen and kidney were 
as described previously (1 1 ). Plasm a iron, 
total iron-binding capacity of plasm a 
(TIBC) and percentage saturation of iron­
binding protein in  plasm a were determined 
by the micromethod of Scarlata and Moore 
(12 ) and plasm a copper by the method of 
Rice (1 3 ). Plasm a protein was m easured 
using the Atago refractom eter.”

RESULTS

The iron and copper content of diets 
with and without added trace m ineral sup­
plem ent are presented in table 2. Compari­
son of the content before and after sterili­
zation showed no demonstrable leaching of 
iron and copper during steam sterilization.

The data show the high levels of iron and 
copper in  diet L-473E5 resulting from m in­
eral supplem entation. Diet L-478, although 
containing m uch less total iron than  diet 
L-473E5, contained almost 40% more iron 
and 3 to 4 times more copper in the natural 
ingredients of the diet than  either diets 
L-473E5 or L-477.

The results of experim ent 1 are shown 
in figures 1 and 2. Figure 1 shows that, at 
the start of the experiment, all hemoglobin 
and hem atocrit levels were low, indicating 
a severe anem ia in germfree rabbits m ain­
tained with diet L-473E5 or L-477. W hen 
the rabbits in group 1 were transferred 
from diet L-473E5 to L-478, the hemo­
globin and hem atocrit levels increased 
gradually and reached norm al levels at the 
end of the fourth week. Germfree rabbits 
in group 2 m aintained with diet L-477 
showed the same low hemoglobin and 
hem atocrit levels throughout the experi­
m ental period. However, when the ani­
m als in  group 3 fed diet L-477 were con­
ventionalized, the hemoglobin and hem ato­
crit levels increased gradully to norm al, the 
final values being slightly lower than  the 
levels observed in germfree rabbits of group 
1 after they were fed diet L-478 for 4 
weeks.

Figure 2 shows the plasm a copper, iron 
and total iron-binding capacity values of 
the rabbits in  groups 1, 2 and 3. Plasm a 
copper values were approximately similar 
in all groups at the start of the experiment. 
Although a slight increase in plasm a cop­
per levels was noticed in group 1 and 3 
after the fourth week, the values from 
the start to the conclusion of the experi­
m ent were w ithin norm al range (14).

5 See footnote 3.
6 N a tio n a l Instru m ent Com pany Inc., B altim ore, 

M aryland.

TABLE 2
Iron and copper content of steam-steril ized and nonsterilized diets

D iet L -473E 5 D iet L -477 D iet L -478

N S i SS i N S SS N S  SS

m g /100 g dry matter mg /100 g dry matter m g /100 g dry matter
W ith trace m ineral m ixture

Iron 86.5 86.2 15.9 15.8 23.3 23.1
Copper 6.93 6.90 2.90 2.91 5.97 5.99

W ithout trace m ineral m ixture
Iron 5.01 5.03 5.00 4.98 8.81 8.75
Copper 0.73 0.72 0.73 0.71 2.69 2.63

1 N S and SS in d ica te  fresh  non ster ilized  and steam -sterilized  d iets, respectively .
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Fig. 1 Response of hem oglobin and hem atocrit values in adult germfree rabbits to diet 
and to conventionalization (exp. 1 ).

Fig. 2 Response of iron and copper transport-system in adult germfree rabbits to diet 
and to conventionalization (exp . 1 ).
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Plasm a iron levels were very low at the 
beginning of the experim ent in rabbits 
fed either diet L-473E5 (group 1) or L-477 
(groups 2 and 3 ). Germfree rabbits in  
group 1, when changed from diet L- 
473E5 to L-478, and the anim als in  group 
3 after being conventionalized but contin­
ued with diet L-477, dem onstrated an in ­
crease in plasm a iron values to approxi­
mately norm al levels during the experi­
m ental period. Germfree rabbits in group 
2 fed diet L-477 continuously showed the 
same low levels throughout the experi­
m ental period. At the beginning of the 
experiment, the plasm a TIBC of the germ­
free rabbits in  groups 1, 2 and 3 was very 
high ranging from 470 to 496 ag/100 ml 
plasma. Following the change of diet for

germfree rabbits in  group 1 (L-473E5 to 
L-478), and also upon conventionalizing 
the germfree rabbits in  group 3 (diet 
L-477), the TIBC values were changed to 
norm al in  about 4 weeks. No change in 
TIBC occurred in germfree rabbits of group 
2 fed diet L-477 throughout.

The results of experim ent 2 are shown 
in tables 3 and 4. Table 3 presents a sum ­
m ary of results on body and cecal content 
weights, and on blood constituents of germ­
free and conventional rabbits fed diet L- 
478. At the end of the experim ent, there 
was no significant difference in  body 
weights between germfree and conven­
tional rabbits. Although the hemoglobin, 
hem atocrit and plasm a protein values in  
conventional animals were slightly but sig-

TABLE 3
Sum m ary  of observations on body and cecum weights and blood constituents of 

germfree and conventional rabbits fed  diet  L -478  (exp. 2)

G erm free C onventional

No. o f anim als 
Body wt, g 1149

5
± 1 0 8  1 1189

4
± 1 2 2

Cecal contents, % body wt 11.5 rt 0.94 2 3 .1 7 ± 0.10
Hemoglobin, g /1 0 0  m l 12.2 0.08 3 13.0 —4" 0.26
Hematocrit, % 43.1 0.33 4 44.3 ± 0.28

Protein, g /1 0 0  m l
Plasm a constituents

5.22 ±  0.06 3 5.501 ± 0.07
Copper, /¿g/100 m l 143 ± 4.7 146 3.3
Iron, ¿¿g/100 m l 213 7.6 232 5.8
TIBC,5 /¿g/100 m l 342 7.7 349 6.4
Saturation, % 62.1 ± 1.75 65.3 -4- 1,8

1 A verages ±  s e  o f  m ean.2 D ifference from  con ven tion a l s ign ifican t, P <  0.001.3 D ifference from  con ven tion a l s ign ifican t, P <  0.025.4 D ifference from  con vetion al s ign ifican t, P <  0.050.5 TIBC in d ica tes  tota l iron-b ind ing capacity .

TABLE 4
Iron and copper content of tissues of germfree and  conventional rabbits  

fed  diet  L -478  1 (e x p . 2)

Iron Copper

Germfree Conventional Germfree Conventional

Liver
Spleen
Kidney

132 ± 3 .6  2-3 
95.9 ±  8.0 4 
44.1 ±  2.8 4

/¿g/g fresh tissue  
161 ± 9 .2  
323 ± 2 1 .2  
7 5 .5 ± 3 .1

3.18 ±  0.09 
1.15 ±  0.04 
3.83 ± 0 .0 6

3.27 ±  0.12  
1 .1 7 ±  0.05 
4.00 ± 0 .0 6

Liver
Spleen
Kidney

4906 ± 2 9 8  5 
29.3 ± 2 .4  4 
362 ± 2 4 .3  4

/¿g/organ 
6774 ± 6 8 6  

276 ± 2 8 .1  
8 7 6 ± 4 1 .8

118 ± 7 .3  
0.35 ± 0 .0 1  4 
31.4 ±  3.0 3

137 ± 4 .5  
0.99 ± 0 .0 7  
46.8 ± 3 .7

1 F ive germ free and 4  con ven tion a l rabbits.
2 A verages ±  s e  of m ean.
3 D ifference from  con ven tion a l s ign ifican t, P <  0.025.
4 D ifference from  con ven tion a l sign ifican t, P <  0.001.
5 D ifference from  con ven tion a l s ign ifican t, P <  0.050.
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nificantly higher than  those of the germ- 
free animals, the values in  both groups 
were w ithin the norm al range. Slightly 
lower plasm a protein levels in  germfree 
rabbits can be ascribed to a low y-globulin 
content (1 5 ). Cecal contents of germfree 
rabbits averaged 11.5% of body weight 
which is half of tha t previously reported 
( 1 ). There was no significant difference in  
plasm a copper, iron, TIBC and percentage 
saturation of iron-binding protein between 
germfree and conventional rabbits fed diet 
L-478. The present data for conventional 
rabbits are in  agreem ent with the observa­
tions of Smith and Ellis (1 4 ) for plasm a 
copper, and with Sheeler and Barber (16 ) 
for hemoglobin, hem atocrit and plasm a 
iron, TIBC and percentage saturation of 
iron-binding protein. The observation of 
norm al hemoglobin, hem atocrit and plasm a 
iron and copper levels in  germfree rabbits 
fed diet L-478 indicated the absence of 
any symptoms of anem ia in  constrast with 
the anemic conditions observed in  the 
germfree anim als m aintained with diets 
L-473E5 and L-477. However, like for­
m ula L-478, these diets produced conven­
tional anim als with an  apparently norm al 
iron and copper status.

The iron and copper content of liver, 
spleen and kidney of germfree and con­
ventional rabbits fed diet L-478 was re­
corded in  table 4. Since neither our data 
nor the literature values showed evidence 
of sex difference in  the tissue copper (18 ) 
of rabbits, the data from  both sexes have 
been pooled. The iron content of liver, 
spleen and kidney, expressed both on a 
fresh tissue basis and on a total organ 
basis, was significantly lower in  germfree 
rabbits than  in conventional rabbits. How­
ever, there was no difference between 
germfree and conventional rabbits either in 
concentration or in  content of copper in 
these organs with the exception of total 
kidney and spleen copper. This last differ­
ence could be attributed entirely to the dif­
ference in  organ weights between the germ­
free and the conventional animal. The 
presence or absence of an intestinal micro­
flora thus appears to have no influence on 
copper concentration in  storage organs in 
contrast with its significant influence on 
iron concentration in  those same organs.

Germfree rabbits m aintained with diet 
L-478 appeared norm al and healthy, and 
did not show symptoms of bone fragility 
or hind leg paralysis. So far, one germfree 
female fed diet L-478 has weaned three of 
four litters successfully, the fourth litter 
being lost through an accident in  tech­
nique. One of its offspring has weaned a 
first litter successfully.

D IS C U S S IO N

In germfree rabbits rendered anemic by 
diet L-473E5 or diet L-477 norm al hem o­
globin levels could be recovered either by 
the anim als consuming a different type of 
diet L-478 or by their taking on a conven­
tional intestinal microbiota (convention­
alization). This latter result appears to 
agree with the reports that in rats (1 9 ) 
and in  rabbits (2 0 ) , alterations of the 
intestinal flora by antibiotic treatm ent 
were associated with a decrease in  iron ab­
sorption. Since the am ount of iron present 
in diets L-473E5 and L-477 was adequate 
for conventional rabbits, the availability of 
this iron m ust have been influenced by the 
presence of intestinal microorganisms. A 
recent investigation in  our laboratory 
showed a more positive oxidation-reduc­
tion potential in the intestinal contents of 
the germfree ra t as compared with the 
conventional anim al.7 Assuming that sim ­
ilar conditions exist in the germfree rabbit 
intestine, then the availability of the iron 
would possibly be affected by its valence 
state under the existing conditions.

The adequate availability of iron from 
diet L-478 for rabbits in both the germfree 
and conventional states cannot be ascribed 
to any one dietary feature since this diet 
differed from the other diets not only in 
the form and quantity of iron provided, but 
also in the protein components, in the 
cations present and in potentially iron-com- 
plexing m aterials (21). All of these fac­
tors could have an influence on the iron 
status of the animal. The ready avail­
ability of soybean meal iron has been dem ­
onstrated by Davis et al. (22 ) for chickens, 
and by Miller and Louis (23 ) for anemic 
rats. This factor appears, to the authors, 
to be the likeliest cause for the alleviation

7 W o stm an n , B. S., a n d  E . B ru ck n er-K a rd o ss  1965 
O x id a tio n -red u c tio n  p o te n tia l  o f c ec a l c o n te n ts  of 
g e rm free  a n d  c o n v e n tio n a l ra ts .  F e d e ra tio n  P ro c ., 24; 
203 ( a b s t r a c t ) .
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of anemia in  germfree rabbits changed 
from diet L-473E5 to diet L-478, but fu r­
ther investigation will be required to deter­
mine all the factors involved.

Germfree rabbits fed diet L-478 m ain­
tained norm al levels of circulating iron 
and TIBC (table 3 ), yet stored less iron in 
the liver, speen and kidneys (table 4) than 
their conventional counterparts fed the 
same diet. Recent studies in our laboratory
(24 ) have indicated that germfree rats 
contained approximately 22% less total 
blood volume and hemoglobin per 100 g 
body weight than  conventional rats. If 
similar conditions should exist in germfree 
rabbits, the lower dem and of the germ­
free anim al for hemoglobin iron m ight ac­
count for the decreased storage of iron in 
the usual storage organs. Furtherm ore, the 
very low am ount of iron present in  the 
germfree rabbit spleen supports our ob­
servation with rats that the spleen is not 
a m ajor iron storage organ in  the germ­
free anim al (11 ).

The ceca of the germfree rabbits fed diet 
L-478 contained 3.6 times as m uch con­
tents as the ceca of their conventional 
counterparts. This ratio is considerably 
less than  that reported on earlier types of 
diet (1 )  when the cecal contents consti­
tuted about 25% of the body weight of the 
germfree rabbit. W ith diet L-478 the con­
tents am ounted to 11.5% . A possible rela­
tionship of this reduction in  cecal size to 
the improved iron status of the germfree 
rabbits fed L-478 was suggested by the 
work of McCall et al. (25 ) with conven­
tional rats fed milk-base diets; supplem en­
tation with iron reduced the cecal size by 
approximately one-half. The reduced cecal 
size with diet L-478 made it unnecessary 
to carry out cecal ligation at weaning in 
order to prevent death by volvulus before 
m aturity could be reached (4 ) .

Diet L-478 has elim inated not only the 
symptoms of anem ia but also the symp­
toms of bone fragility, hind leg paralysis, 
extreme cecal distention and irregular re­
production observed in  germfree rabbits 
fed earlier diets. Further investigation 
would be required to determine how these 
symptoms were related to the anemia. It 
is concluded that the availability of iron 
to germfree rabbits is reduced by the ab­
sence of an intestinal microbiota, but that

the resulting hypochromic and microcytic 
anem ia can be prevented by providing iron 
in  a form whose availability was not seri­
ously affected by the germfree condition.
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Selected Hemocytological Effects of Vitamin B6 
Deficiency in Chicks 1,2

M . H . G E H L E  a n d  S. L . B A L L O U N
D e p a r tm e n t  o f  P o u l tr y  S c ie n c e ,  I o w a  S ta te  U n iv e r s i ty ,  A m e s ,  Io w a

A B S T R A C T  O n e  h u n d r e d  a n d  e ig h t  c h ic k s  w e re  a l lo t t e d  a t  r a n d o m  to  3 t r e a t m e n t s ,  
w i th  3  r e p l i c a t e s  o f  e a c h  t r e a t m e n t  a n d  12  c h ic k s  p e r  r e p l i c a t e  p e n .  T r e a tm e n t s  w e re :  
1 )  v i t a m i n  B 6-d e f ic ie n t  d ie t  ( 1 .2 2  m g / k g )  c o n s u m e d  a d  l i b i t u m ;  2 )  v i t a m in  B 6- a d e q u a te  
d ie t  ( 2 .8 6  m g / k g )  c o n s u m e d  a d  l i b i t u m ;  a n d  3 )  v i t a m i n  B i- a d e q u a te  d ie t  p a i r - f e d  to  th e  
a m o u n t  c o n s u m e d  b y  t h e  B s -d e f ic ie n t c h ic k s .  D u r in g  th e  4 -w e e k  e x p e r im e n ta l  p e r io d ,  
r e s p o n s e  w a s  m e a s u r e d  b y  h e m o g lo b in ,  p a c k e d  c e l l  v o lu m e  v a lu e s ,  m o r t a l i t y ,  w e ig h t  
g a in s ,  a n d  f e e d  c o n v e r s io n  r a t io s .  P a i r - f e d  c h ic k s  h a d  s ig n i f i c a n t ly  h ig h e r  h e m o g lo b in  
v a lu e s  t h a n  th e  v i t a m i n  B e -d e f ic ie n t c h ic k s  i n  t h e  s e c o n d ,  th i r d ,  a n d  f o u r t h  -w eeks o f  
t h e  t r i a l .  P a c k e d  c e l l  v o lu m e  v a lu e s  o f  t h e  p a i r - f e d  c h ic k s  w e re  s ig n i f i c a n t ly  h ig h e r  
t h a n  th o s e  o f  t h e  v i t a m i n  B s -d e f ic ie n t c h ic k s  i n  t h e  s e c o n d  a n d  f o u r t h  w e e k s  o f  t h e  t r i a l .  
C h ic k s  c o n s u m i n g  t h e  v i t a m i n  B s - a d e q u a te  d ie t  a d  l i b i t u m  h a d  h e m o g lo b in  a n d  p a c k e d  
c e l l  v o lu m e  v a lu e s  w h ic h  r e m a i n e d  f a i r l y  c o n s t a n t  th r o u g h o u t  t h e  4 -w e e k  e x p e r im e n t ,  
a t  a  le v e l  lo w e r  t h a n  th o s e  o f  t h e  p a i r - f e d  c h ic k s  c o n s u m i n g  th e  s a m e  v i t a m i n  Bs- 
a d e q u a te  d ie t .  D e a th s  o b s e r v e d  i n  p a i r - f e d  c h ic k s  i n d i c a t e d  t h a t  v i t a m i n  B 6 d e f ic ie n c y  
i n  c h ic k s  d e p r e s s e d  a p p e t i t e  s u f f ic ie n t ly  t h a t  s t a r v a t io n  w a s  a  f a c t o r  i n  d e a t h s  o b s e rv e d  
i n  d e f ic ie n t  c h ic k s .  F e e d  c o n v e r s io n  r a t i o s  i n  d e f ic ie n t  a n d  p a i r - f e d  c h ic k s  w e re  s ig ­
n i f i c a n t ly  p o o r e r  t h a n  th o s e  o f  th e  g r o u p s  r e c e iv in g  a d e q u a te  v i t a m i n  B e o n  a n  a d  
l i b i t u m  f e e d in g  r e g im e n .  W e ig h t  g a in s  o f  t h e  d e f ic ie n t  c h ic k s  a n d  th e  p a i r - f e d  c h ic k s  
w e re  s im i la r .

The essentiality of vitam in B,; for chicks 
was recognized in  1939 when Hegsted et al.
(1 )  and Jukes (2 ) reported on vitam in B8 
studies with chicks. These reports were 
followed by others detailing various aspects 
of vitam in B6 metabolism in chicks. Jukes
(2 ) reported no departures from the nor­
mal range in differential blood cell counts 
of chicks fed either a vitam in B.rdeficient 
basal diet or the basal diet supplemented 
with pyridoxine hydrochloride. These cell 
counts were made on the seventeenth day 
of the experim ental period. Luckey et al.
(3 )  reported that vitam in B6 deficiency in 
chicks was accompanied by a definite 
anemia. Hegsted and Rao (4 )  reported 
microcytic anem ia as one of the symptoms 
of vitam in B6 deficiency in chicks. The 
present study was made to investigate fu r­
ther the relationship between vitam in B« 
and hemoglobin level and packed cell 
volume in chicks.

E X P E R IM E N T A L  P R O C E D U R E

Broiler-type cockerels were used in the 
4-week experiment. All chicks were housed 
in electrically heated battery-brooders for 
the duration of the experiment. After a 
one-week pre-trial period, during which all

chicks consumed a commercial starter diet, 
experim ental birds were allotted at random  
to treatm ents. The treatm ents were: 1) 
adequate vitamin B«, consumption ad libi­
tum. 2) deficient vitam in B6, consumption 
ad libitum, and 3) adequate vitam in B6, 
consum ption restricted to that am ount 
consumed by the deficient vitam in Bs group 
within the same replication. The treat­
m ents are hereafter referred to as 1) Ad 
AL, 2) D AL, and 3) Ad R.

The diet contained the following ingredi­
ents: (in  per cen t) dextrose, 58.85; puri­
fied soybean protein, 28.00; soybean oil, 
2.00; non-nutritive fiber, 3.00; vitam in pre­
mix, 1.00; m ineral premix, 5.30; choline 
chloride (25% ), 1.00; DL-methionine, 0.70; 
glycine, 0.10; and DL-tryptophan, 0.05. The 
vitam in premix contributed the following 
per kilogram of complete ration: vitamin 
A, 10,000 IU; vitam in D3, 1,500 ICU; vita­
min E, 22 IU; menadione, 4.4 mg; thia- 
mine-HCl, 4.4 mg; inositol, 132 mg; 
p-aminobenzoic acid, 66 mg; niacin, 88

R eceived  fo r  p u b lic a tio n  A p ril 29, 1965.
1 J o u rn a l P a p e r  no. J-5105 o f th e  Io w a  A g ric u ltu ra l 

a n d  H om e E co n o m ics  E x p e r im e n t S ta tio n , A m es, 
Iow a. P ro jec t no . 1062.

2 F ro m  a th e s is  su b m itte d  by  th e  sen io r  a u th o r  in  
p a r t ia l  fu lf i l lm e n t o f th e  re q u ire m e n ts  fo r  th e  Ph.D . 
deg ree, Io w a  S ta te  U n iv e rs ity .

J .  N u t r it io n , 8 7 :  *65 1 9 7
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mg; ascorbic acid, 220 mg; vitam in Bi2, 
22 ug; and biotin, 220 ug.

The m ineral premix added the following 
per kilogram of complete ration: (in grams) 
calcium, 11.7; phosphorus, 5.8; potassium, 
2.16; sodium, 1.87; chlorine, 2.9 (and  in 
m illigram s) m anganese, 286; m agnesium , 
0.9 g; zinc, 94.5; iron, 95; copper, 9.5; 
cobalt, 0.9; and iodine, 3.5. The adequate 
vitam in B6 rations contained sufficient 
added pyridoxine-HCl to provide a level of 
2.86 mg of vitam in B6/k g  of complete 
ration. This level had been shown previ­
ously to be an adequate vitam in B6 level for 
broiler chicks (5 ) . No pyridoxine-HCl was 
added to the deficient vitam in B6 ration. 
The calculated vitam in B6 level of this 
ration was 1.22 m g/kg. After mixing, all 
diets were stored in a walk-in cooler at 
10° ±  2°.

The am ount of feed consumed the pre­
vious day by each vitam in Br,-deficient 
group was determined each morning. This 
am ount was then fed to the pair-fed group 
which received the Ad R ration. W hen 
mortality occurred in an experim ental pen, 
m ean feed consumption was determined 
for the D AL group, and appropriate ad­
justm ent made in the am ount fed to the 
pair-fed group.

A completely random  design was used 
for the experiment. Each treatm ent was 
applied to 3 replicate groups of 12 chicks 
per replicate. At the start of the trial, 6 
chicks in each experim ental pen were 
selected at random  for use in  hemoglobin 
(H b) and packed cell volume (PCV) de­
term inations. The same 6 chicks from 
each pen were used throughout the trial. 
If a death occurred, a replacem ent was 
selected at random  from the other chicks 
in the respective pen.

Chicks were weighed and blood samples 
were obtained at weekly intervals. Free- 
flowing blood samples were obtained from 
wing vein for the Hb and PCV determ ina­
tions. Hemoglobin determ inations were 
made by using the technique of Bankowski
(6 ) as modified by Denington and Lucas
( 7 )  . Packed cell volume determ inations 
were made by a microcapillary method 
similar to that described by Natelson (8 ).

Statistical analyses of these data in ­
cluded analyses of variance tests on weekly 
Hb level, weekly PCV values, experim ental

period weight gains, and experim ental 
period feed conversion ratios and determ i­
nation of the correlations between Hb 
and PCV values w ithin treatm ents. Two 
planned comparisons were m ade on the 
data in  each analysis of variance test. 
First, data from chicks consuming the Ad R 
diet were compared with tha t of chicks 
consuming the D AL diet. Second, data 
from chicks consuming the Ad AL diet 
were compared with the combined data 
from chicks consuming the other 2 rations.

All statem ents concerning statistical sig­
nificance are made at probability of 0.05 or 
less.

R E S U L T S  A N D  D IS C U S S IO N

Results of the analysis of variance tests 
on hemoglobin values indicated that chicks 
fed the vitam in Be-deficient diet (1.22 
m g /k g ) had hemoglobin values which 
were significantly depressed compared with 
those of the pair-fed groups in the second, 
third, and fourth weeks of the trial (table 
1, comparison 1 and fig. 1). W hen the Hb 
values for the these 2 groups were com­
bined and compared with the groups re­
ceiving adequate vitam in Bs on an ad 
libitum feeding regimen, the m ean hemo­
globin value for the combined groups was 
significantly higher at the end of the first 
and third weeks (table 1, comparison 2). 
The data from  the second week approached 
significance. Luckey et al. (3 )  had ob­
served a lower Hb level in vitam in Be-defi­
cient chicks than  in  chicks receiving a 
complete ration.

These results indicate that vitam in Be- 
deficient chicks become anemic due to a 
metabolic failure in their norm al pathway 
for hemoglobin synthesis and degradation. 
Since the deficient chicks had significantly 
depressed values over the pair-fed group, 
this failure is not due to the reduced feed 
intake per se, but results from the insuffi­
cient intake of vitam in Bs. The reduced 
feed intake (Ad R) resulted in hemoglobin 
values higher than  those observed in chicks 
receiving adequate vitam in Be on an ad 
libitum  feeding regimen (fig. 1). The 
noticeable increase in  Hb level observed in 
chicks fed the Ad R ration over the level 
of those consuming the Ad AL ration may 
have been related to a Hb concentration 
occurring in the chicks whose growth was
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F ig .  1 E f f e c t  o f  f e e d in g  r e g im e n  o n  h e m o g lo b in  le v e l.

TA BLE 1

S u m m a r y  o f  m e a n  s q u a r e s  f r o m  a n a ly s e s  o f  v a r ia n c e  t e s t s  o n  w e e k l y  h e m o g lo b in  
a n d  p a c k e d  c e l l  v o lu m e  v a lu e s

D e te rm in a tio n  
a n d  so u rce  of 

v a r ia t io n
d f

W eek  o f e x p e r im e n t

F ir s t Second T h ird F o u r th

H e m o g lo b in
C o m p a r i s o n  1 1 1 0 .0 5 4 1 4 .9 5 0 4 * 4 .7 1 7 1 * * 1 4 .2 9 1 3 * *
C o m p a r i s o n  2  2 1 0 .6 0 8 7 * 4 .6 3 0 9 4 .7 4 3 2 * * 0 .0 2 4 2
E r r o r 6 0 .0 9 5 2 0 .8 1 7 6 0 .2 6 7 3 1 .0 3 8 8

P a c k e d  c e l l  v o lu m e
C o m p a r is o n  1 1 3 .5 3 3 7 .5 0 * 3 2 .6 7 1 5 0 .0 0 *
C o m p a r i s o n  2 1 1 3 .5 2 * 4 4 .1 8 * * 5 0 .6 7 6 .9 7
E r r o r 6 1 .3 7 2 .9 6 1 0 .8 4 1 5 .3 9

* S ig n ific an t a t P <  0.05.
** S ig n ific an t a t  P  <  0.01.
1 C o m p ariso n  m a d e  b e tw een  g ro u p s fed  d e fic ien t v ita m in  B6, co n su m p tio n  ad  l ib itu m  (D  A L ) an d  

g ro u p s fed  a d eq u a te  v ita m in  B6, w ith  c o n su m p tio n  re s tr ic te d  to  th a t  a m o u n t co n su m e d  by th e  
d e fic ien t v ita m in  Be g ro u p  w ith in  th e  sam e  re p lic a tio n  (A d  R ).

2 C o m p ariso n  b e tw ee n  g ro u p  re c e iv in g  a d e q u a te  v ita m in  B 6, co n su m p tio n  ad  l ib itu m  (A d  A L ) 
a n d  c o m b in ed  v a lu e  o f g ro u p s  fe d  Ad R a n d  D AL.

severely restricted by the limited amount 
of feed they were allowed to consume.

The individual PCV determ inations w ith­
in a treatm ent were more variable than  the 
Hb determ inations. However, the analysis 
of variance tests showed a generally similar 
pattern (table 1). The PCV values of chicks 
consuming the D AL ration exhibited a 
nearly linear decrease with time over the 
period studied in  this experiment (fig. 2 ). 
A decrease was also noted in chicks fed 
the Ad AL ration, but this decrease was

sm aller and appeared to have reached a 
plateau at the term ination of the trial.

Restricting the feed intake of the pair-fed 
chicks resulted in feed conversion values 
sim ilar to those of chicks consuming the 
D AL ration (table 2). W hereas differ­
ences existed, these were not statistically 
significant. The group receiving adequate 
vitam in B6 with ad libitum  intake had a 
significantly better feed conversion than 
that of the other 2 groups.
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F ig . 2  E f f e c t  o f  f e e d in g  r e g im e n  o n  p a c k e d  c e l l  v o lu m e .

TABLE 2
A v e r a g e  z v e ig h t  g a in s ,  f e e d  c o n v e r s io n  r a t io s ,  a n d  m o r t a l i t y

F eed in g
re g im e n

4-W eek 
w t ga in s  

o f su rv iv o rs  1

Feed
co n v ers io n

ra tio s
( F /G )

4-W eek
m o rta lity

9 %
D e f ic ie n t  v i t a m i n  B 6, a d  l i b i t u m  i n t a k e 5 5 .7  ± 6 . 3 9  2 4 .0 2 ± 0 .1 5 3 8 0 .5 ± 4 .7 9
A d e q u a te  v i t a m i n  B 6, r e s t r i c t e d  i n t a k e 6 2 .6  ± 5 . 6 7 4 .4 5 ± 0 .2 0 7 2 7 .8  ± 9 . 5 8
A d e q u a te  v i t a m i n  B 6, a d  l i b i t u m  i n t a k e 4 1 5 .9  ±  5 .2 4 2 .0 3  ± 0 . 0 3 8 2 .8  ± 4 . 7 9

1 A ll p e n s  c o n ta in e d  12 c h ick s  in itia lly .
2 M ean  ±  s e  of m ean .

Weight gains of chicks receiving the 
same am ount of feed were similar (table 
2 ), indicating that a m ajor cause of the 
greatly reduced rate of gain in  vitam in B6- 
deficient chicks is the loss of appetite, as­
sociated with a vitam in B6 deficiency, and 
consequent reduced feed intake. Most re­
searchers report loss of appetite as one of 
the vitam in B6-deficiency symptoms in 
chicks. Weight gains of chicks receiving 
the Ad AL diet were about 7 times greater 
than  gains of chicks consuming either the 
Ad R or D AL diets.

Mortality data (table 2 ) indicate that 
some deaths observed in  vitam in B6-defi- 
cient chicks were due to starvation medi­

ated through loss of appetite ra ther than 
to direct metabolic effects such as loss of 
co-enzyme activity. Most reports indicate 
that deaths of chicks receiving vitam in B6- 
deficient diets occur at about 10 to 14 days 
after the chicks start to eat the vitam in 
Be-deficient diet. In this trial, nearly one- 
third of the deaths of chicks receiving de­
ficient diets and one-fifth of the deaths of 
chicks receiving adequate vitam in Bs at a 
restricted intake occurred in  the tenth  to 
fourteenth day of depletion. The one death 
recorded in  the Ad AL groups occurred in 
this period. Postmortem observations of 
deficient chicks showed varying degrees of 
wing feather follicle hem orrhage, whereas
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none was observed in  chicks fed diets con­
taining adequate vitam in B6. Daghir and 
Balloun (5 )  reported wing feather follicle 
hemorrhage as one of the symptoms of 
vitamin Bs-deficient chicks.

Correlation coefficients obtained between 
PCV and Hb w ithin the different treat­
ments were 0.914, 0.768, and 0.752 for 
D AL, Ad R, and Ad AL, respectively. The 
test for homogeneity of these coefficients 
indicated that they were homogeneous, 
and a pooled correlation coefficient was 
determined. This value of 0.829 was statis­
tically significant.

The extent to which weight gains of 
chicks receiving the adequate vitam in B« 
diet in restricted am ounts were depressed 
and the num ber of deaths observed in these 
chicks were unexpected. These results 
show the importance of vitam in B6 in 
stim ulating chicks to eat. The m eans 
through which vitam in B6 enhances ap­
petite is unknown.

L IT E R A T U R E  C IT E D

1. H e g s te d ,  D . M ., J . J .  O le s o n , C . A . E lv e h je m  
a n d  E . B . H a r t  1 9 3 9  T h e  “ c a r t i l a g e  g ro w th  
f a c t o r ”  a n d  v i t a m i n  B 6 i n  t h e  n u t r i t i o n  o f  
c h ic k s .  J .  B io l. C h e m .,  1 3 0 ; 4 2 3 .

2 . J u k e s ,  T . H . 1 9 3 9  V i t a m in  B 6 d e f ic ie n c y  
i n  c h ic k s .  P r o c .  S oc . E x p .  B io l. M e d .,  4 2 ;  
180 .

3 . L u c k e y ,  T . D ., G. M . B r ig g s ,  J r . ,  C . A . E lv e h ­
j e m  a n d  E . B . H a r t  1 9 4 5  A c t iv i ty  o f  p y r i-  
d o x in e  d e r iv a t iv e s  i n  c h ic k  n u t r i t i o n .  P ro c . 
S oc . E x p .  B io l. M e d .,  5 8 ; 3 4 0 .

4 . H e g s te d ,  D . M ., a n d  M . N . R a o  1 9 4 5  N u ­
t r i t i o n a l  s t u d ie s  w i t h  th e  d u c k .  I I .  P y r i-  
d o x in e  d e f ic ie n c y .  J .  N u t r i t i o n ,  3 0 ;  3 6 7 .

5 . D a g h i r ,  N . J . ,  a n d  S. L . B a l lo u n  1 9 6 3  
E v a lu a t io n  o f  t h e  e f f e c t  o f  b r e e d  o n  v i t a m i n  
B 6 r e q u i r e m e n t s  o f  c h ic k s .  J .  N u t r i t i o n ,  7 9 ; 
2 7 9 .

6. B a n k o w s k i ,  R . A . 1 9 4 2  S tu d ie s  o f  t h e  h e m o ­
g lo b in  c o n te n t  o f  c h ic k e n  b lo o d  a n d  e v a l u a ­
t io n  o f  m e th o d s  f o r  i t s  d e t e r m in a t io n .  A m . 
J .  V e t. R e s .,  3 ; 3 7 3 .

7. D e n in g to n ,  E . M ., a n d  A . M . L u c a s  1 9 5 5  
B lo o d  t e c h n ic s  f o r  c h ic k e n s .  P o u l t r y  S c i., 
3 4 ; 3 6 0 .

8 . N a te l s o n ,  S. 196 1  M ic r o te c h n ic s  o f  C l in i ­
c a l  C h e m is t r y ,  ed . 2 . C h a r le s  C T h o m a s ,  
S p r in g f ie ld ,  I l l in o is ,  p . 76 .



Influence of Carbohydrate-to-Fat Ratio on Metabolic 
Changes Induced in Rats by Feeding Different 
Carbohydrate-Fat Combinations * 1

C A T H E R IN E  C A R R O L L  a n d  E L IZ A B E T H  B R IG H T
D e p a r tm e n t  o f  H o m e  E c o n o m ic s ,  A g r ic u l tu r a l  E x p e r i m e n t  S ta t io n ,  
U n iv e r s i t y  o f  A r k a n s a s ,  F a y e t te v i l l e ,  A r k a n s a s

A B S T R A C T  T h i s  s tu d y  w a s  d e s ig n e d  to  d e t e r m in e  w h e th e r  c h a n g i n g  th e  r e la t iv e  
p r o p o r t io n s  o f  c a r b o h y d r a t e  a n d  f a t  i n  t h e  d ie t  w o u ld  i n f lu e n c e  m e ta b o l ic  r e s p o n s e s  i n  
r a t s  to  d i f f e r e n t  s o u r c e s  o f  t h e  2  n u t r i e n t s .  F o u r  c a r b o h y d r a t e - f a t  c o m b in a t io n s  ( g l u ­
c o se  a n d  f r u c to s e  e a c h  w i th  c o r n  o il  ( C O )  a n d  w i th  h y d r o g e n a te d  c o c o n u t  o il  ( H C O ) )  
w e r e  c o m b in e d  i n  h ig h  c a r b o h y d r a t e  f lo w  f a t  a n d  lo w  c a r b o h y d r a t e :h ig h  f a t  d ie ts .  
P r o t e i n  a n d  c a lo r ic  v a lu e s  o f  a l l  d ie t s  w e r e  e q u iv a le n t .  E i g h t  g ro u p s  o f  m a le ,  w e a n l i n g  
r a t s  w e re  e a c h  f e d  o n e  o f  t h e  e x p e r i m e n t a l  d ie ts  f o r  2  to  4  w e e k s .  R e d u c in g  th e  
c a r b o h y d r a te - to - f a t  r a t i o  f r o m  6 4 :5  to  1 9 :2 5  ( b y  w e i g h t )  r e s u l t e d  i n  t h e  f o l lo w in g  
c h a n g e s  i n  l i v e r  f u n c t i o n s :  1 )  m a r k e d  r e d u c t io n  o r  c o m p le te  e l im i n a t i o n  o f  r e s p o n s e s  
o f  t h e  g lu c o s e - 6 - p h o s p h a ta s e  a n d  f r u c to s e  d i p h o s p h a t a s e  e n z y m e  s y s te m s  to  d ie ta r y  
f r u c to s e ;  2 )  s ig n i f i c a n t  i n c r e a s e  i n  r e s p o n s e  o f  g lu c o s e - 6 - p h o s p h a ta s e  to  d i e t a r y  H C O ; 
3 )  d e c r e a s e s  i n  l iv e r  g ly c o g e n ,  to  a  d i f f e r e n t  e x t e n t  w i t h  d i f f e r e n t  c a r b o h y d r a t e - f a t  
c o m b in a t io n s ;  4 )  s t r i k in g  i n c r e a s e s  i n  t o t a l  l i p id  i n  r a t s  f e d  C O  o r  H C O  w i th  g lu c o s e ;  
a n d  5 )  in c r e a s e s  i n  c h o le s te r o l  i n  r a t s  f e d  C O , a n d  i n  p h o s p h o l ip id  i n  r a t s  f e d  H C O .

Previous work from this laboratory (1 ,2 ) 
dem onstrated that metabolic responses in 
rats to different types of dietary carbo­
hydrate can be modified by varying the type 
of dietary fat. Conversely, effects on liver 
lipids of substituting one fa t source for 
another depend, in  part, on the carbo­
hydrate component of the diet.

The present study was designed to ob­
serve any influence on these interrelation­
ships of altering the relative proportions of 
carbohydrate and fat in  the diet. Carbo­
hydrate-fat combinations identical with 
those used in one of the above studies (1 ) 
were fed in 2 ra tio s: high carbohydrate-to- 
low fa t and low carbohydrate-to-high fat. 
Livers were assayed, as before, for activi­
ties of 2 glycolytic enzyme systems and for 
content of lipids and glycogen, to detect 
concurrent effects on carbohydrate and 
lipid metabolism induced by the various 
diets.

E X P E R IM E N T A L

Eight groups of 12 male, weanling, 
albino rats of the Sprague-Dawley strain 2 
were housed individually in mesh-bottom 
cages in  an air conditioned laboratory, and 
given w ater and food ad libitum for 2 to 
4 weeks. All rations contained: (in  per 
cen t) protein, 20 (casein supplemented

with 2% of DL-methionine); salts,3 4; vita­
m in mix,4 0.25; and choline chloride, 0.2. 
The rem ainder of each ration consisted of 
carbohydrate, fat, and non-nutritive bulk,5 
in quantities calculated to make rations ap­
proximately equicaloric (380 kcal/100 g 
ra tion). Carbohydrate-fat combinations 
were glucose with corn o i l6 (G-CO), glu­
cose with hydrogenated coconut o i l7 
(G-HCO), fructose with corn oil (F-CO), 
and fructose with hydrogenated coconut 
oil (F-HCO). Each combination was in ­
corporated into diets in 2 ratios: (per cent 
of total diet) carbohydrate, 64 with fat, 
5 (H C :L F ); and carbohydrate, 19 with fat, 
25 (LC.-HF).

R eceived  fo r  p u b lic a tio n  A p ril 16, 1965.
1 S u p p o rted  in  p a r t  by  P u b lic  H e a lth  S erv ice  R e­

s ea rc h  G ra n t no . Am-04854-03 fro m  th e  N a tio n a l In ­
s ti tu te s  o f H e a lth . P u b lish e d  w ith  th e  a p p ro v a l o f 
th e  d ire c to r  o f th e  A rk a n sa s  A g ric u ltu ra l  E x p e r im e n t 
S ta tio n .

2 O b ta in ed  fro m  H o rm o n e  A ssay  L a b o ra to r ie s , In c ., 
C h icago .

3 W esson , L. G. 1932 A m o d if ica tio n  o f th e  Os- 
b o rn e -M en d el s a l t  m ix tu re  c o n ta in in g  o n ly  in o rg a n ic  
c o n s ti tu e n ts . Sc ience, 75: 339.

4 T h e  v ita m in  m ix tu re  p ro v id ed  th e  fo llo w in g : ( in  
m g / 100 g r a t io n )  th iam in e-H C 1 , 0 .8; r ib o f la v in , 0 .6; 
p y rid o x in e , 0 .4; C a p a n to th e n a te ,  4 .0; n ia c in ,  5.0; 
in o s ito l, 20 .0 ; fo lic  ac id , 0 .4; v ita m in  B 12, 0 .004; 
b io tin , 0 .02; v ita m in  A p ow der, 10.0 (2 0 0  u n i t s ) ;  
c a lc ife ro l, 0.18 (1 5 0  u n i t s ) ;  DL-a-tocopherol po w d er, 
30.0 (7 .5  u n i t s ) ;  a n d  m e n a d io n e , 0.38.

5 A lp h ace l, N u tr i t io n a l  B io ch em ica ls  C o rp o ra tio n , 
C leveland .

6 M azola , C o m  P ro d u c ts  C o m p an y , A rgo, I llin o is .
7 H y d ro l, D u rk ee  F a m o u s  F oods, C h icago .

202 J. N u t r it io n , 87 : *65
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One-half of each group (total of 48 ra ts ) 
was killed approximately 2 weeks (days 12 
through 17), and half after approximately 
4 weeks (days 26 through 31). The 2 
periods were chosen to cover times of m axi­
mal effect of these carbohydrate-fat com­
binations on enzyme activities (2  weeks) 
and lipid levels (4  weeks) observed pre­
viously (1 ,2 ). A sim ilar time relationship, 
enzyme changes before m axim al lipid depo­
sition, occurs also in livers of young rats 
fed different types of diets (3, 4). To avoid 
decreases in  liver glycogen associated with 
the post-absorptive state, all anim als were 
killed early in the morning, when stom­
achs still contained substantial amounts 
of food. Because of this time restriction, 
and the num ber of determ inations made on 
each liver, only 8 rats (1 /g roup) could be 
killed per day, necessitating the 6-day 
periods. Since one ra t from each group 
was killed daily, any changes with time 
during the 6 days would tend to increase 
standard errors w ithin groups, but should 
not affect relationships among groups.

After rats had been fed experim ental 
diets for the times specified, they were de­
capitated. Livers were removed rapidly, 
chilled, homogenized, and assayed for ac­
tivities of the glucose-6-phosphatase (G-6- 
Pase) and fructose diphosphatase (FDPase) 
enzyme systems, glycogen, and labile phos­
phorus from ADP +  ATP. The rem ainder 
of each homogenate was stored frozen and 
analyzed later for total lipid, phospholipid, 
and cholesterol. Methods for the above 
assays have been described previously (1, 
2 ). Nitrogen was determined in dried, 
ground, fat-free samples by the Dumas 
method.8

R E S U L T S

Growth rates and food intakes
For the first 2-week period, average 

weekly weight gains were comparable for 
all groups except the two receiving diets 
containing 25% of HCO (L C :H F ), in 
which rate of gain was depressed by al- *

* C o lem an  N itro g e n  A n a ly ze r, M odel 29.

TA B LE 1
W e i g h t  g a in s ,  fo o d  in t a k e s ,  a n d  fo o d  e f f i c ie n c y  r a t io s  o f  r a ts  f e d  d i f f e r e n t  c a r b o h y d r a te - fa t

c o m b in a t io n s  i n  2  r a tio s

C :F  i 
ra t io

W eeks
fed

d ie ts
No. r a t s /  

g roup G -C O F -C O G -H C O F -H C O

W e ig h t  g a in ,  g /w e e k
H C : L F 2 2 12 3 5  ± 1  3 3 4  ± 2 3 4  ± 2 31  ±  1
H C :L F 4 6 3 5 ± 4 3 0  ± 2 3 3  ± 2 2 5  ± 2
L C  : H F  2 2 12 3 5  ± 1 3 5  ± 1 2 5  ± 2 2 5  ± 1
L C  :H F 4 6 4 0  ±  1 31  ± 3 2 7  ± 1 2 5  ± 1

F o o d  in t a k e ,  g /w e e k
H C :L F 2 12 7 0  ± 2 6 5  ± 3 68  ± 3 6 7  ± 2
H C :L F 4 6 10 5  ± 1 9 2  ±  7 10 4  ± 7 9 4  ± 5
L C :H F 2 12 72  ± 1 6 7  ± 2 6 4  ±  2 6 0  ± 2
L C :H F 4 6 107  ±  3 91  ±  5 92  ± 3 81 ±  5

F o o d  e ff ic ie n c y  r a t i o s  4
H C :L F 2 12 5 0  ± 1 5 2  ±  1 51 ± 1 4 7 ±  1
H C :L F 4 6 3 3  ± 2 3 3  ± 1 31  ± 1 2 6  ±  1
L C  : H F 2 12 4 8  ±  1 5 1 ± 1 3 9  ± 2 4 2  ± 5
L C :H F 4 6 3 7  ±  1 3 4  ± 2 2 8  ±  1 3 0  ± 1

F in a l  b o d y  w e ig h ts ,  g

H C :L F 2 12 1 2 9  ± 4 1 2 7  ± 6 12 4  ± 4 1 1 6 ± 3
H C  : L F 4 6 18 4  ±  12 1 6 9 ±  11 17 6  ±  12 15 1  ± 4
L C :H F 2 12 1 2 7  ±  6 121 ±  3 93  ± 1 7 10 3  ± 4
L C :H F 4 6 19 8  ± 5 1 7 7  ± 1 1 14 9  ± 4 13 8  ± 4

1 A b b rev ia tio n s  : C :F  ra tio  =  c a rb o h y d ra te : f a t  ra t io ,  H C :L F  =  h ig h  c a rb o h y d ra te : low  f a t  d ie ts , e tc .; 
G =  g lucose, F  =  fru c to s e , CO =  co rn  o il, HCO =  h y d ro g e n a te d  co co n u t oil.

2 H C :L F  i= 6 4 :5 , L C :H F  =  19:25 .
3 A verages ±  s e  o f m ean .
4 W eig h t g a in /fo o d  in ta k e  x 100.
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most 30% (table 1). During the second 
2-week period, ra te of gain was not further 
depressed in these 2 groups, but a similar 
depression occurred in  the group receiving 
fructose with 5% of HCO (H C :L F). Ex­
am ination of food intake data and food 
efficiency ratios ( table 1) indicates that the 
lower rates of weight gain can be attributed 
prim arily to less efficient utilization of the 
respective diets. The poorer utilization of 
HCO is apparently not due to lack of ab­
sorption of the hydrogenated fat, because 
metabolic responses to HCO differ m ark­
edly from  those to a fat-free diet in  rats 
gaining at the same r a te .9 Average final 
body weights of rats fed fructose with 5% 
of HCO, glucose with 25% of HCO, or fruc­
tose with 25% of HCO were lower than  
the average weight of control ra ts (G with 
5% of CO) by 18, 19, and 25% , respec­
tively.

Relative size and composition of livers
Average relative weights of livers and 

content of m ajor constituents (g /1 0 0  g 
body weight) for each group at 2 weeks are 
illustrated graphically in  figure la , and 
percentage composition of liver with re­
spect to protein, glycogen, and total lipid 
in  figure lb . Substitution of fructose for 
glucose in  HC:LF diets containing either 
CO or HCO resulted in increases of approxi­
mately 30% in relative liver weights (P  <  
0 .01).10 This was not unexpected, since a 
stim ulating effect of dietary fructose on 
liver size has been observed frequently 
(1, 2, 5, 6). However, the same substitu­
tion in  LC:HF diets resulted in  no signifi­
cant increase in liver size. Among groups 
fed LC:HF diets, the group fed 25% of 
HCO with glucose had the largest livers in

9 U n p u b lish ed  d a ta .
10 S tu d e n t’s t  test.

CO CO HCO HCO 
HC : LF DIETS

(a)

CO CO HCO HCO 

LC: HF DIETS

CO CO HCO HCO CO CO HCO HCO

HC : LF DIETS , , LC:HF DIETS
(b)

F ig .  1 R e la t iv e  w e ig h ts  a n d  c o m p o s i t io n  o f  l iv e r s  f r o m  r a t s  f e d  d i f f e r e n t  c a r b o h y d r a t e - f a t  c o m ­
b in a t i o n s  i n  2  r a t i o s  f o r  2  w e e k s ,  ( a )  G ra m s  o f  to t a l  l iv e r  a n d  m a j o r  c o n s t i t u e n t s  p e r  10 0  g b o d y  
w e ig h t ,  ( b )  P e r  c e n t  c o m p o s i t io n  o f  l iv e r  w i th  r e s p e c t  to  p r o t e in ,  g ly c o g e n , a n d  t o t a l  l ip id .  H C :L F  =  
h i g h  c a r b o h y d r a te : lo w  f a t ,  L C :H F  =  lo w  c a r b o h y d r a te - h ig h  f a t ,  G -C O  =  g lu c o s e  w i th  c o r n  o il,  F -C O  — 
f r u c to s e  w i th  c o r n  o il ,  G -H C O  =  g lu c o s e  w i th  h y d r o g e n a te d  c o c o n u t  o il ,  F -H C O -f ru c to s e  w i th  h y d r o ­
g e n a t e d  c o c o n u t  o il ,  P  =  p r o t e in ,  G  — g ly c o g e n ,  a n d  L  =  l ip id .
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relation to body weight, 13% heavier 
( P < 0 .0 1 )  than  those from groups fed 
25% of CO with glucose.

The increase in  total protein (fig. l a )  
in livers from rats fed the high fructose 
diets fell somewhat behind the increase in 
total liver tissue, with the result that the 
percentage of protein in  these livers (fig. 
lb )  was slightly less than  that in livers 
from corresponding groups fed glucose 
(P <  0.01 with HCO diets). Nevertheless, 
increases in glycogen, and to a lesser extent 
in  lipid, were such that percentages as well 
as total am ounts of these constituents were 
greater in  the larger livers. Enlargem ent 
of livers of rats fed 25% of HCO with 
glucose was accompanied by a 30% in ­
crease in total lipid, but no change in glyco­
gen, as compared with the corresponding 
group fed CO. These differences in  liver 
composition indicate that although relative 
liver size increased in response to high die­
tary levels of either fructose or HCO, m eta­
bolic changes reflected in each case were 
different. Average moisture content of 
livers from all groups was 71 or 72% .

Liver lipids
Liver lipid data are expressed as milli­

grams per 100 mg of liver nitrogen (table 
2 ). Since values for all except one group 
were sim ilar at 2 and 4 weeks, data from 
the 2 time periods were combined. The 
exception was the group fed glucose with 
25% of CO, in which total lipid values in ­

creased from 143 ±  13 at 2 weeks to 194 
±13  at 4 weeks, phospholipid from 20 ±  1 
to 32 ±  6, and cholesterol from 24 ±  2 to 
30 ±  3.

In general, livers from rats fed LC:HF 
diets contained more lipid in  relation to 
am ount of liver nitrogen than did livers 
from rats fed HC:LF diets. However, there 
was no direct correlation between am ount 
of dietary fa t and am ount of liver lipid, 
since the combination of carbohydrate and 
fa t fed also had significant effects on de­
gree of lipid accumulation. Decreasing the 
C : F ratio of diets containing glucose re­
sulted in highly significant increases (P  <  
0.01) in total liver lipid, but the C :F ratio 
had little effect on level of liver lipid in 
rats fed diets containing fructose.

Both the type of carbohydrate and the 
type of fa t in  HC:LF diets significantly 
influenced lipid content of the liver. Sub­
stitution of fructose for glucose with CO 
enhanced lipid deposition by 19% (P  <  
0.05), and with HCO by 35% (P <  0.01), 
whereas livers from rats fed HCO with 
either carbohydrate contained more lipid 
(P <  0.01) than  did livers from correspond­
ing groups fed CO. The striking increase 
in  liver lipid in  the F-HCO group suggests 
a synergistic effect of fructose and HCO. 
W hen the 4 carbohydrate-fat combinations 
were fed in LC-.HF diets, degree of liver 
lipid accum ulation was comparable in  all 
groups except the F-CO group, in  which

TA BLE 2
T o ta l  l i p id , p h o s p h o l ip id ,  a n d  c h o le s te r o l  i n  l iv e r s  f r o m  r a ts  f e d  d i f f e r e n t  c a r b o h y d r a te - fa t  

c o m b in a t io n s  i n  2  r a t io s  f o r  2  to  4  w e e k s  1

C :F  2 
ra t io

No. r a t s /  
g roup G -C O F -C O G—HCO F -H C O

m g / 100 m g  liv e r  n itro g en

T o t a l  l iv e r  l ip id
H C :L F  3 12 9 6  ±  5 4 1 1 4 ±  7 1 1 5 ± 4 1 5 5  ±  7
L C  :H F  3 12 16 8  ± 1 2 1 3 4  ± 7 17 7  ±  8 16 8  ± 6

L iv e r  p h o s p h o l ip id
H C :L F 12 1 8 ± 3 2 3  ± 2 3 3  ± 3 4 0 ± 2
L C  :H F 12 2 6  ± 3 2 1  ± 2 4 6  ± 4 55  ± 3

L iv e r  c h o le s te r o l

H C :L F 12 1 6 ±  1 15 ±  1 16  ±  1 1 6 ±  1
L C :H F 12 2 7  ±  2 2 3  ± 1 1 7  ±  1 1 7 ±  1

1 D a ta  f o r  2 - a n d  4 -w e e k  p e r io d s  c o m b in e d .  ___ __ ,  _ _ _ .  , A
2 A b b re v ia tio n s : C :F  ra t io  =  c a rb o h y d ra te :f a t  ra t io ,  H C :L F  =  h ig h  c a rb o h y d ra te :lo w  f a t  d ie ts , e tc .; 

G =  g lucose , F  =  fru c to s e , CO =  c o m  o il, HCO =  h y d ro g e n a te d  co co n u t oil.
3 H C :L F  =  6 4 :5 , L C :H F  =  19 :25 .
4 A verages ±  s e  o f m ean .
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am ount of lipid was 20% less (P  <  0.05) 
than  that in  the G-CO group.

The am ount of phospholipid in  the livers 
was influenced more consistently by the 
HCO content of the diet than  by any other 
factor (table 2 ). Substituting HCO for 
CO, or increasing HCO from 5 to 25% of 
the diet, with either carbohydrate, resulted 
in  significant increases in  liver phospho­
lipid. All differences between values for 
HCO-fed groups and the corresponding 
CO-fed groups were significant at the 1% 
level; and effects of increasing the propor­
tion of HCO with glucose was significant 
at the 2% level, and with fructose at the 
1% level. The greatest am ount of phos­
pholipid was noted in  livers from rats fed 
the high HCO diet with fructose.

Cholesterol content of liver responded 
to the level of dietary CO. Cholesterol

level was not influenced by type of dietary 
fat at the 5% level, but increasing CO 
from 5 to 25% in diets containing either 
glucose or fructose resulted in  substantial 
increases in  liver cholesterol, significant at 
the 1% level. Liver cholesterol levels in 
the other 6 groups were identical, despite 
wide variations in total lipid (table 2 ).

Enzym e activities, glycogen, nitrogen, 
and labile phosphorus 

from ADP + ATP
Activities of the G-6-Pase and FDPase 

enzyme systems are expressed as units per 
100 g of body weight, and glycogen as 
milligrams per 100 g of body weight (table
3). As discussed in  a previous paper (2 ) , 
body weight was considered a more m ean­
ingful basis than liver weight or liver nitro­
gen for evaluating differences in these

TA BLE 3
A c t iv i t i e s  o f  t h e  G -6 -P ase  a n d  F D P a se  e n z y m e  s y s t e m s ,  g ly c o g e n ,  n i t r o g e n ,  a n d  la b i le  

p h o s p h o r u s  i n  l iv e r s  f r o m  r a ts  f e d  d i f f e r e n t  c a r b o h y d r a te - fa t  
c o m b in a t io n s  i n  2  r a tio s

C :F  i 
ra t io

W eeks
fed

d ie ts
N o. r a t s /  

g ro u p G -C O F -C O G -H C O F -H C O

G -6 -P ase  a c t iv i ty ,  u n i t s V I 0 0  g b o d y  w e ig h t
H C  : L F  3 2 6 9 3  ± 1  4 1 8 2  +  9 1 1 6  +  5 1 82  +  7
H C :L F 4 6 9 8  ± 4 15 8  +  7 1 03  ± 4 16 8  +  8
L C :H F  3 2 6 9 2  ± 5 1 1 6  ±  9 1 4 2  +  6 15 3  +  4
L C  :H F 4 6 8 8  ± 4 1 0 2  ± 7 1 4 7  +  3 16 1  +  6

F D P a s e  a c t iv i ty ,  u n i t s / 1 0 0  g b o d y  w e ig h t
H C :L F 2 6 5 0  ± 2 77  +  3 4 7  +  2 60  +  3
H C :L F 4 6 51  ± 1 70  +  3 4 4  +  3 58  +  5
L C  :H F 2 6 6 0  ±  4 61 +  2 59  +  1 6 2  +  3
L C  : H F 4 6 4 6  ± 2 5 4  +  2 60  +  4 5 9  +  3

G ly c o g e n , m g / 1 0 0  g b o d y  w e ig h t
H C :L F 2 6 3 1 8 ± 2 1 5 1 2  +  4 9 2 6 1  +  23 4 5 5  +  3 7
H C :L F 4 6 3 4 0  ±  27 3 9 9  +  2 4 1 7 2 + 1 9 3 2 7  +  3 0
L C  : H F 2 6 16 8  ± 8 2 3 2  +  15 18 6  +  11 13 8  +  2 2
L C  : H F 4 6 1 7 7  ±  15 2 7 3  +  3 2 1 3 7 + 1 5 1 5 2  +  6

N i t r o g e n ,  m g / 1 0 0  g  b o d y  w e ig h t
H C  : L F 2 6 12 5  ± 3 15 3  ±  2 131  +  3 15 5  +  5
H C :L F 4 6 11 9  +  3 1 4 7  +  3 121  +  4 1 4 7  +  3
L C :H F 2 6 13 3  +  4 13 8  +  5 1 4 6  +  3 1 4 7  +  2
L C  : H F 4 6 1 2 5  ± 1 1 2 8  +  4 1 58  +  5 1 5 5  +  4

L a b i le  p h o s p h o r u s  f r o m  A D P  a n d  A T P , ¿u g /1 0 0  m g  l iv e r  n i t r o g e n
H C :L F 2 6 2 5 1  +  15 3 3 6  +  2 2 2 3 3  +  15 2 7 5  +  21
H C :L F 4 6 1 7 4  +  2 3 2 2 3  ±  2 8 1 5 6  +  4 18 8  +  15
L C  : H F 2 6 2 5 0  +  32 3 0 4  +  26 19 5  +  15 222 +  17
L C :H F 4 6 1 9 8  +  18 2 0 9  +  16 1 4 7 + 1 1 1 5 2 + 1 0

1 A b b re v ia tio n s : C :F  ra tio  =  c a rb o h y d ra te  T a t  ra tio ,  H C :L F  =  h ig h  c a rb o h y d ra te : low  f a t  d ie ts , e tc .; 
G =  g lucose, F  =  fru c to se , CO =  c o rn  oil, HCO =  h y d ro g e n a te d  co co n u t o il; G -6-Pase =  glucose-6- 
p h o s p h a ta s e , F D P ase  =  fru c to se -1 ,6 -d ip h o sp h a ta se .

2 O ne u n i t  =  a c tiv ity  c a ta ly z in g  re le a se  o f 1 /¿mole o f  in o rg a n ic  p h o s p h o ru s /m in u te ,  a t  37.5°.
3 H C :L F  =  6 4 :5 , L C :H F  =  19 :25 .
4 A verages ±  s e  of m ean .
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functions associated with supply of glucose 
to all body tissues.

Substituting fructose for glucose in 
HC:LF diets containing CO resulted in 
an approximate doubling of G-6-Pase activ­
ity at 2 weeks. Activity in  livers from  rats 
fed glucose with 5% of HCO was 25% 
higher (P  <  0.01) th an  that in  livers from, 
rats fed glucose with 5% of CO. W hen 
fructose and HCO were fed together in  a 
HC:LF diet, activity was identical with 
that for the group fed fructose with CO, 
indicating that effects of fructose and HCO 
were not additive. Thus, substitution of 
fructose for glucose in  diets containing 
HCO resulted in  a stim ulation of G-6-Pase 
activity of only 57% ( P < 0 .0 1 )  as com­
pared with the almost 100% increase in ­
duced by substitution of fructose for glu­
cose in  CO diets (above). At 4 weeks, dif­
ferences between values for the control 
group and the 2 groups fed fructose had 
decreased somewhat, and stim ulation by 
the G-HCO diet was no longer evident.

W hen the ratio of C :F in  the diets was 
decreased (LC :H F diets), activity in  the 
control group (G-CO) was essentially the 
same as that in the corresponding HC:LF 
control group, but activities in  the other 
3 groups, and relationships among groups, 
were substantially altered. The most 
m arked differences were the m uch smaller 
degree of stim ulation (only 26% ) by fruc­
tose in  CO diets (P <  0.05), and the m uch 
greater degree of stimulation (54%  ) by 
HCO fed with glucose (P  <  0.01). Again, 
effects of fructose and HCO did not appear 
to be additive. At 4 weeks, activities in 
livers from all groups fed the LC:HF diets 
rem ained essentially the same as at 2 
weeks. Figure 2 illustrates the striking 
effect of altering the C :F ratio of the diet 
on the relative degrees of response of G-6- 
Pase to different C-F combinations. Values 
from rats fed 15% fa t d ie t11 under com­
parable laboratory conditions are presented 
for comparison.

11 U n p u b lis h e d  ex p e r im e n t.

F ig . 2  E f f e c t  o f  p r o p o r t i o n s  o f  f a t  i n  t h e  d ie t  o n  r e s p o n s e s  o f  G -6 -P ase  a c t iv i ty  to  d i f f e r e n t  
c a r b o h y d r a t e - f a t  c o m b in a t io n s .  E a c h  b a r  r e p r e s e n t s  d a t a  f r o m  6  r a t s .  H C :L F  =  h ig h  c a rb o -  
h y d r a t e d o w  f a t  d ie ts  a n d  L C :H F  =  lo w  c a r b o h y d r a t e :h ig h  f a t  d ie ts ,  c o n ta in in g  5 a n d  2 5 %  
o f  f a t ,  r e s p e c t iv e ly .  D a t a  f o r  1 5 %  f a t  d ie ts  a r e  f r o m  a n  u n p u b l i s h e d  e x p e r im e n t .  G  =  g lu c o s e ,  
F  =  f r u c to s e ,  C O  =  c o r n  o il ,  a n d  H C O  =  h y d r o g e n a te d  c o c o n u t  o il.
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W ith diets used in  previous experiments 
(1, 2 ) , responses of the FDPase enzyme 
system to various C-F combinations dif­
fered from those of the G-6-Pase system. 
The same was true in  this study (table 3). 
FDPase activity in  livers from rats fed 
fructose with 5% of CO was significantly 
greater (P  <  0.01) than  that from rats fed 
the corresponding glucose diet, but the 
percentage increase at 2 weeks was only 
about half that observed in  G-6-Pase activ­
ity in the same rats. Moreover, unlike 
G-6-Pase activity, FDPase activity was not 
stim ulated by dietary HCO, as evidenced 
by essentially equal values for the groups 
fed the G-CO and G-HCO combinations in 
HC:LF diets at 2 weeks, and the relative 
depression in  FDPase activity in  this 
G-HCO group at 4 weeks (P  <  0.05). In ­
creasing the proportion of either CO or 
HCO (LC:H F vs. H C :LF) resulted in  sig­
nificantly greater FDPase activity in  livers 
from rats fed glucose (w ith CO, P <  0.05, 
with HCO, P < 0 .0 1 ) ,  but eliminated, or 
masked, the stim ulating effect of fructose, 
so that activities of the 4 groups fed the 
LC:HF diets were identical at 2 weeks. 
By 4 weeks, values for the 2 groups 
receiving 25% of CO had decreased to 
levels approxim ating th a t of the HC:LF 
control group, whereas values for the 2 
groups receiving 25% of HCO remained 
elevated.

Glycogen content of livers was especially 
sensitive to differences in both C :F ratios 
and C-F combinations in  the diets (table 3). 
Values for all groups fed LC:HF diets were 
significantly lower than  those for corres­
ponding groups fed HC:LF diets, at both 
2 and 4 weeks. However, there were m ajor 
differences among groups fed diets con­
taining the same C :F  ratio. An enhance­
m ent of net glycogen storage in response 
to dietary fructose, observed previously 
with 15% fa t diets (2 ) , was again appar­
ent with HC:LF diets containing either CO 
or HCO at 2 weeks (P  <  0.01). This effect 
was also observed with the substitution of 
fructose for glucose in the L F : HC diet 
containing CO (P  <  0.01), but not in  that 
containing HCO. At 4 weeks, values for 
the 2 control groups (G-CO) had not 
changed, but large accum ulations of gly­
cogen in  livers of ra ts fed diets high in  
fructose had decreased considerably, and

glycogen content of livers from rats fed 
glucose with 5% of HCO had decreased 
by 55% (P  <  0.05) from the 2-week level.

Values for total liver nitrogen are in ­
cluded in table 3 so that changes in spe­
cific functions may be compared with rela­
tive amounts of “active” liver tissue in 
response to the various diets.

Labile phosphorus is expressed as m icro­
grams per 100 mg of liver nitrogen (table
3). This appeared to be the most reason­
able basis for evaluating differences in 
ADP +  ATP, since their utilization is closely 
linked with reactions of enzymes, the m ajor 
protein constituents of liver cells. Substi­
tution of fructose for glucose in the HC:LF 
diet containing CO resulted in  a 34% in ­
crease in labile phosphorus at 2 weeks 
(P <  0.02). However, when HCO was the 
dietary fat, this effect of fructose was 
barely evident. Decreasing the C : F ratio 
of the F-CO diet tended to reduce the influ­
ence of dietary fructose, and because of 
large variations within groups fed L C : HF 
diets, the difference between F-CO and 
G-CO groups was not significant. By 4 
weeks, labile phosphorus content of livers 
from the 2 groups fed diets containing 
25% of HCO had decreased by about 25% 
below corresponding values for the groups 
fed 25% of CO. Differences were signifi­
cant at the 5% level for both G-HCO vs. 
G-CO and F-HCO vs. F-CO. Assuming that 
labile phosphorus values reflect ATP levels
(7 ) , these results would indicate that die­
tary fructose tends to increase, and dietary 
HCO to decrease, the net amount of ATP 
in liver tissue. Understandably, effects of 
fructose were most evident with HC:LF 
diets, and those of HCO with LC:HF diets. 
Similar influences of fructose and satu­
rated fa t on labile phosphorus from ADP +  
ATP were reported and discussed previ­
ously (2 ).

D IS C U S S IO N

Results from this study dem onstrate that 
changing relative proportions of carbo­
hydrate and fa t in  the diet can modify 
metabolic responses to different carbo­
hydrate-fat combinations. This is strik­
ingly illustrated in degrees of lipid accum u­
lation in  response to different ratios of the 
same carbohydrate-fat combination (table 
2 ). The difference of 75% in total liver 
lipid between groups fed 5 and 25% of CO
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with glucose, together with the accum ula­
tion of cholesterol in livers of both groups 
fed 25% of CO, strongly suggests a de­
rangem ent of lipid metabolism resulting 
from the high dietary level of CO. Others 
have also observed increasing am ounts of 
liver total lipid (8 )  and cholesterol (8 -1 0 ) , 
mainly in  the esterified fraction, with in­
creasing am ounts of dietary polyunsatu­
rated fatty acids (PUFA) above the level 
required to prevent essential fatty acid 
(EFA) deficiency. It is possible that 
changes in lipid metabolism in response 
to high intake of CO could be associated 
with a relative excess of PUFA in liver, due 
to both the large am ount of linoleate in ­
gested, and inhibition of synthesis of 
m onounsaturated and saturated fatty acids 
associated with high dietary levels of long- 
chain fatty acids (8, 12-13). The greater 
am ount of liver lipid in the group fed glu­
cose with 25% of HCO as compared with 
5% of HCO can probably be attributed to 
increased requirem ent for essential fatty 
acids with the higher dietary level of satu­
rated fa t (14).

The negligible influence of C :F ratio on 
total lipid in livers of rats fed CO or HCO 
with fructose indicates that with these 
diets, in contrast with those containing 
glucose, effects of carbohydrate-fat com­
binations predominated regardless of the 
proportions in which the 2 nutrients were 
fed. The apparent synergy of fructose and 
HCO in the HC:LF diet suggests that activ­
ity of the pathw ay(s) by which fructose is 
metabolized, at least when it is the m ajor 
source of calories, enhances the m echa­
n is m ^ )  by which dietary HCO can induce 
fatty livers. Food efficiency data (lower 
values for F-HCO than  for corresponding 
G-HCO groups) are consistent with accen­
tuation of EFA deficiency by fructose. Also, 
the influence of fructose in lessening the 
degree of lipid accum ulation in livers of 
rats fed at high levels of CO probably re­
flects different relationships between path­
ways of fructose and lipid metabolism on 
the one hand, and between glucose and 
lipid metabolism on the other.

Data from enzyme assays suggest that 
differences between responses to LC : HF 
diets as compared with H C : LF diets reflect 
differences in  relative activities of alternate 
pathways, ra ther than  simple reduction of

throughput with diets containing less car­
bohydrate. The fact that G-6-Pase activity 
at 2 weeks was identical in the 2 control 
groups (G-CO) indicates that the C :F 
ratio per se cannot explain the striking 
differences in response to the 2 ratios of 
the other carbohydrate-fat combinations 
(fig. 2).

The stim ulating effect of HCO on G-6- 
Pase activity, more pronounced with the 
higher fa t diet, could be attributed either to 
increased glucose utilization associated 
with EFA deficiency or to metabolic effects 
of the fatty  acids of HCO. The data sup­
port the latter possibility, in  that stim ula­
tion of G-6-Pase activity by diets contain­
ing 5% of HCO with glucose was less 
at 4 weeks than at 2 weeks, but degree 
of EFA deficiency increases with time. 
Also, in  a previous study (2 ) , an EFA- 
deficient diet containing hydrogenated pea­
nu t oil did not stimulate G-6-Pase activity, 
suggesting that the effect of HCO on glu­
cose metabolism was associated with utili­
zation of the shorter chain fatty acids of 
HCO.

The above results show that the ratio 
of carbohydrate-to-fat in the diet can in ­
fluence metabolic responses to different 
combinations of the 2 nutrients. The data 
further suggest that effects of altering the 
carbohydrate-to-fat ratio involve more fun­
dam ental adaptations than  direct variation 
in  throughput in proportion to absolute 
am ounts of individual nutrients in the diet. 
Such interrelationships could have im ­
portant implications relative to evaluating 
effects of specific dietary fats or carbo­
hydrates.
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A B S T R A C T  I n  o r d e r  t h a t  c a l c iu m  s u l f a t e  m i g h t  b e  e s t a b l i s h e d  a s  a  s a t i s f a c to r y  
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le v e ls  s u f f ic ie n t  to  g iv e  0 .1 0  a n d  0 .4 2 %  o f  i n o r g a n ic  s u l f u r  i n  th e  d ie t  w e re  c o m p a r e d  
w i th  e a c h  o th e r  a n d  w i th  t h e  H u b b e l l - M e n d e l - W a k e m a n  s a l t  m ix tu r e .  T h e  c o m p a r a ­
tiv e  e f f e c t  o f  t h e s e  s a l t s  o n  g r o w th ,  f e e d  e f f ic ie n c y , a b s o r p t io n ,  f e c a l  a n d  u r i n a r y  e x ­
c r e t io n ,  b lo o d  le v e l  a n d  th e  in c o r p o r a t io n  o f  s u l f a t e  i n to  c a r t i l a g e  m u c o p o ly s a c c h a r id e s  
w a s  s tu d ie d .  C a lc iu m  s u l f a t e  a p p e a r e d  to  f u n c t i o n  a s  w e l l  a s ,  i f  n o t  b e t t e r  t h a n ,  so ­
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W a k e m a n  s a l t  m ix tu r e  u s e d  i n  th i s  i n v e s t ig a t i o n .

In planning experiments designed to in ­
vestigate the interrelationships between 
vitamin E and sulfur metabolism it has 
been advantageous to alter the ratio of 
neutral to inorganic sulfur in  the diets of 
rats.

High levels of inorganic sulfur in  diets 
have most frequently been obtained by the 
addition of sodium sulfate (1 -5 ) .  Cal­
cium sulfate has been chosen for the salt 
m ixtures used in  this laboratory to facili­
tate changes in  the level of sulfate in the 
diet without changing the sodium level. 
Consideration of the different chemical 
and physical properties of calcium and so­
dium sulfate indicated that a comparison 
of the utilization of these salts was desir­
able to establish that the results obtained 
with these salt m ixtures were due to alter­
ations of dietary sulfur and not to the 
choice of a toxic or unavailable salt.

It is the purpose of this paper to present 
data which compare the utilization of cal­
cium and sodium sulfate by the rat. Since 
sulfation of cartilage mucopolysaccharides 
has been shown to have sufficient sensi­
tivity for assay of growth hormone (6 ) , 
growth, feed efficiency, absorption, fecal 
and urinary excretion, and blood level data 
have been supplemented with cartilage m u­
copolysaccharide sulfation data.

E X P E R IM E N T A L  P R O C E D U R E S

Littermate sets of albino (W istar strain ) 
rats were used throughout this investiga­

tion. Adult female rats were used in the 
first study, and weanling rats, in the sec­
ond study. In the latter study anim als were 
weaned and given their respective experi­
m ental diets at 21 days of age. The com­
position of the basic diet, a modification 
of the diets of Pendergrass,6 is shown 
in table 1. The inorganic sulfur content 
was varied through modifications of the 
salt m ixture of Hubbell et al. (7) as shown 
in table 2. Distilled water was made avail­
able to the rats at all times.

In the adult study, 5 sets of four litter­
mate, adult, female anim als from our stock 
colony were fed for 17 days diets contain­
ing salt m ixtures to give 0.42 or 0.10% of 
sulfate in the diet as calcium sulfate or as 
sodium sulfate. The added methionine 
was elim inated from the diet shown in 
table 1 when the 0.42% salt m ixture was 
used in order that the total sulfur, calcu­
lated as sulfate from neutral and inorganic 
sources, in the diet m ight rem ain constant. * 1 2 3 4
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TA B LE 1

C o m p o s i t i o n  o f  t h e  b a s ic  e x p e r im e n t a l  d ie t

C a s e in  ( v i t a m i n - f r e e )
g /1 0 0  g o f  d ie t 

1 5 .0 0
r a ,- M e th io n in e 0 .3 5
S u c ro s e 3 0 .6 5
C o r n s t a r c h 3 2 .0 0
S t r ip p e d  l a r d  1 6 .0 0
C o d  l iv e r  o il 2 .0 0
N o n - n u t r i t iv e  b u lk  2 1 0 .0 0
V i t a m in  m ix tu r e  3 1 .00
S a l t  m ix tu r e  4 3 .0 0

1 D is tilla tio n  P ro d u c ts  In d u s tr ie s ,  In c ., R o ch es te r, 
N ew  York.

2 A lp h ace l, N u tr i t io n a l  B io ch em ica ls  C o rp o ra tio n , 
C leveland .

3 E a c h  100 g o f d ie t w ere  s u p p le m e n te d  w ith  th e  
fo llo w in g  s y n th e tic  v ita m in s :  ( i n  m g )  n ic o tin ic  acid , 
20 .0 ; p y rid o x in e -H C l, 0 .5; th ia m in e  HC1, 0 .5; r ib o ­
flav in , 0.5; C a p a n to th e n a te ,  1.0; fo lic  a c id , 0.5; 
b io tin , 0 .005; 2 -m e th y ln a p h th o q u in o n e , 0.025; v ita m in  
B 12, 0 .0045; c h o lin e  c h lo rid e , 100.0; ¿-inosito l, 100.0; 
p -am in o b en zo ic  a c id , 7.5. T h e se  v ita m in s  w ere  t r i ­
tu ra te d  in  su cro se , q .s. to  m a k e  1.0 g. d l-a-T ocophery l 
a ce ta te  w a s  a d d ed  to th e  d ie t  a t th e  leve l o f 28 m g /  
100 g o f d ie t.

4 See ta b le  2.

After the first 7 days a diet with these salts 
containing 35S was substituted for the re­
m ainder of the experim ental period. Total 
fecal collections were m ade during the 10- 
day period of the radioactive diet. Urine col­
lection was made on the day before term i­
nation. Animals were decapitated following 
light ether anesthesia. Blood was collected 
in isotonic sodium citrate and intercostal 
cartilages were removed and stored at 
-  20°.

In the growth study, 6 sets of 3 male 
rats were raised from weaning to approxi­
m ately 10 weeks of age with diets contain­

ing 0.42% of sulfate as calcium sulfate er­
as sodium sulfate and a diet containing 
0.02% of sulfate from the m ixture of Hub- 
bell et al. (7 ) . In  this study the m ethio­
nine supplem entation was not omitted 
from the 0.42% of sulfate diets; hence 
their total sulfur was 0.99% compared 
with 0.49% for the 0.02% of sulfate diets. 
An additional 6 sets of 3 females were 
raised with diets containing 0.10% of 
sulfate as either of the 2 salts m entioned 
above and the control diet containing 
0.02% of sulfate. Growth and feed intake 
records were kept. At the end of the 
growth period, the anim als receiving the 
sodium and calcium sulfate salts were sup­
plied with diets containing these salts in 
radioactive form for 10 days and then 
decapitated following light ether anes­
thesia. Total urine and fecal collections 
were m ade throughout the latter period. 
Blood and intercostal cartilage were col­
lected at the time of killing.

Radioactive calcium sulfate was pre­
pared by adding stoichiometric am ounts of 
H235S047 to a saturated solution of calcium 
lactate. The resulting precipitate was 
washed and dried. Radioactive sodium sul­
fate was prepared by neutralizing H235S 04 
with NaOH, adding carrier Na.;SO, and dry­
ing the salt.

The specific activities of the diets, blood, 
feces and urine were determined by com-

7 O b ta in e d  f ro m  O ak  R idge  N a tio n a l  L a b o ra to r ie s , 
O ak  R idge , T en n essee .

TA BLE 2

C o m p o s i t i o n  o f  t h e  s a l t  m i x t u r e s  1

% S u lfa te  in  th e  d ie t

S u b s ta n ce  a s  C aS 0 4  a s  N a 2S0 4

0.0002 0.42 0.10 0.42  2 0.10

C aC O s
9

4 4 .7 5 0
9

3 0 .3 4 6
9

4 1 .2 5 0
9

4 4 .7 5 0
9

4 4 .7 5 0
M gC O s 3 .0 6 0 3 .0 6 0 3 .0 6 0 3 .0 6 0 3 .0 6 0
C a S 0 4-2 H 20 — 2 5 .0 9 7 6 .0 0 0 — --------

N a 2S 0 4-H 20 — — — 2 0 .7 2 0 4 .9 4 3
M n C l2-4 H 20 0 .0 4 0 0 .0 4 0 0 .0 4 0 0 .0 4 0 0 .0 4 0
C u ( C 2H 30 2) 2-H 20 0 .0 7 2 0 .0 7 2 0 .0 7 2 0 .0 7 2 0 .0 7 2
C o r n s t a r c h 1 0 .6 9 3 — 8 .1 9 3 — 5 .7 5 0

1 T h e  s a l t  m ix tu re  o f  H u b b e ll e t  al. ( 7 ) ,  c o n ta in e d : ( i n  g ) C aC 0 3 , 54 .300; M gCOs, 2 .500; N aC l, 
6 .900; KC1, 11.200; K H 2PO 4, 21 .200; F e P 0 4-2H 20 ,  2 .050; K I, 0 .008; N a F , 0 .010; A 1K (S04)2, 0 .017; 
M g S 0 4-7H 20 ,  1.600; M n S 0 4 H 20 ,  0 .035; C u S 0 4‘5H 20 ,  0 .090; a n d  c o n tr ib u te d  0.02%  o f s u lfa te  w h e n  
a d d e d  to  th e  d ie t a t  th e  lev e l o f 3 % . I t  w a s  m o d ified  to  c o n tr ib u te  a p p ro p r ia te  lev e ls  o f s u lfa te  to  
th e  d ie ts . T h e  M gS 04-7H 20 ,  M n S 0 4*H20  a n d  C u S 0 4-5H 20  w e re  e lim in a te d ; th e  a d d itio n s  a n d  
a d ju s tm e n ts  in  th e  C aC 03  a n d  MgCC>3 a p p e a r  in  th e  tab le .

2 T h is  s a l t  m ix tu re  c o n ta in e d  a n  a d d it io n a l 10 g o f  m a te r ia l .  I t  w as  ad d ed  to  th e  d ie t  ( ta b le  1 ) 
a t th e  lev e l o f 3 .3 % , re p la c in g  a p a r t  o f th e  c o rn s ta rc h , in  o rd e r  th a t  a l l  o th e r  m in e ra l  c o n s ti tu e n ts  
w o u ld  re m a in  c o n s ta n t.
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TA B LE 3
D is t r ib u t io n  o f  r a d io a c t iv i t y  i n  t h e  f e c e s ,  b lo o d , a n d  u r in e  a n d  m u c o p o ly s a c c h a r id e s  

o f  a d u l t  r a ts  f e d  35S - c o n ta in in g  s u l f a t e  s a l t s  1

D ie ta ry  s u lfa te  
le v e l 2 F eces B lood U rin e M ucopo ly ­

s a c c h a r id e s

% % % %
0 .4 2 %  a s :

C a 35S 0 4 6 .1 5  ±  0 .9 6 0 .1 4  ±  0 .0 1 0 1 .6 8  ± 0 . 4 2 0 .7 8  ± 0 . 0 4
N a 235S 0 4 8 .3 8  ± 1 . 8 6 0 .1 9  ±  0 .0 3 6 2 .7 2  ±  0 .5 8 0 .5 0  ±  0 .1 4

0 .1 0 %  a s :
C a 35S 0 4 8 .2 4  ±  1 .68 0 .1 5  ±  0 .0 4 2 .1 6  ±  0 .2 4 0 .5 6  ± 0 . 0 4
N a 235S 0 4 1 0 .2 6 ±  1 .9 4 0 .1 7  ±  0 .0 1 6 3 .2 6  ± 0 . 5 6 0 .7 5  ± 0 . 0 8

1 R esu lts , c o u n t /m in  p e r  m m o le  S 0 4= a s  a  p e rc e n ta g e  o f  to ta l  c o u n t /m in  in g e sted  in  th e  feed , 
a re  av e rag es  o f 5 fe m a le s  ±  th e  se o f th e  m e a n .

2 See ta b le  2.

busting the appropriate samples according 
to the method of Katz and Golden (8 ) and 
counting the precipitated BaS04 in an auto­
matic gas-flow counter. The specific activity 
of the ester sulfate of the sulfomucopolysac- 
charides, isolated after the method of Bo- 
strom (9 ) , was determ ined by the method 
of Dodgson and Rice (1 0 ), adding suffi­
cient carrier sulfate to give 12 mg of BaSOi 
and collecting and counting this salt as in 
the above. Creatinine determ ination was 
made by the method of Folin (11) on ali­
quot portions of the urine and the counts 
per m inute were expressed per milligram 
of creatinine in the sample. The signifi­
cance of the differences obtained was eval­
uated by the method of paired observa­
tions (12).

R E S U L T S

The data obtained for the specific activ­
ity of the feces, blood, urine and cartilage 
mucopolysaccharides from the study using 
adult female rats are presented in table 3. 
These data have been expressed as counts 
per m inute per mmole of sulfate as a per­
centage of the total counts per m inute in ­
gested. This method of presenting the 
data was chosen since it eliminates errors 
due to the unavoidable variations in iso­
tope ingestion associated with different 
feed consum ption rates and the consum p­
tion of diets with different specific activ­
ities from period to period as shown in 
table 4. The average percentage of in ­
gested radioactivity which was excreted 
in the feces tended to be lower from the 
calcium sulfate than  from the sodium sul­
fate diets and from the diets with the 
0.42% level of sulfate when compared

TABLE 4

T o ta l  f e e d  in ta k e  a n d  is o to p e  c o n s u m p t io n  1

D ie ta ry  s u lfa te  
leve l 2 F eed  in ta k e

0 .4 2 %  a s
9 c o u n t /m in  x 10 ~5

C a 35S 0 4 1 1 6  ± 3 .4 1 5 . 5 ± 3 .6
N a , 35S 0 4 1 1 1 ± 4 .9 8 .1  ± 2 . 9

0 .1 0 %  as
C a 35S 0 4 12 3  ± 1 0 .0 1 9 .4  ± 4 . 2
N a 235S 0 4 11 9  ± 6 .6 1 1 .9  ± 1 . 4

1 A verages  o f  5 fe m a le s  ±  th e  s e o f th e  m ean .
2 See ta b le  2.

with those containing the 0.10% level. 
The sulfur compounds of the blood of the 
anim als receiving the calcium sulfate diets 
had a lower percentage of the ingested 
35S 04= than did the anim als receiving so­
dium sulfate. This difference between 
the 2 sulfate sources at the higher dietary 
sulfate levels was statistically signifi­
cant (P  <  0.05). The highest percent­
age of dose in mucopolysaccharide was 
noted in  the anim als receiving the 
higher level of CaS04, which had the low­
est fecal and urinary excretion and blood 
level. This was significantly higher than 
that from the 0.10% CaS04 diet and higher 
than the mucopolysaccharides from 0.42% 
N a2S 04 diet. The 0.10% level of N a2S04 
resulted in a significantly higher percent­
age uptake into the mucopolysaccharides 
than the same level of CaS04.

Because these data were obtained with 
adult rats which had been fed the diet a 
relatively short time, 17 days, it seemed 
advisable to determine the effect of feed­
ing diets incorporating these salt m ixtures 
to rats during their growth period. The 
data which represent the weight gain and
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feed efficiency ratios for ra ts raised with 
these diets for 10 weeks are presented in 
table 5. The growth of the anim als receiv­
ing diets containing 0.42% of sulfate as 
compared with 0.02% of sulfate was not 
significantly different with either calcium 
or sodium sulfate as the sulfate source. 
The feed efficiency, calculated by dividing 
the grams of diet eaten into the grams of 
weight gained, showed the feed utilization 
of both male and female ra ts fed diets con­
taining 0.42% of sulfate as CaS04 to be 
significantly better than  that of those fed 
the 0.02% of sulfate diet (P  <  0.05).

W hen the 0.10% levels of sulfate as 
either salt in  the diet were compared with 
the 0.02% of sulfate diet, there was no 
significant difference in the growth of the 
animals. In the total 10-week period the 
0.10% of CaS04 m ixture gave significantly 
higher feed efficiency ratios than  either

the Hubbell, Mendel and W akeman m ix­
ture or the N a2S 04 m ixture incorporated 
into the diet of the female rats. (Litter- 
m ates were used only among the 3 diets 
compared; beginning weight and growth 
sometimes varied from one Utter to an­
other.) Since these anim als were not lit- 
term ates, the 2 experim ental sulfate levels 
were not compared statistically.

After these anim als had been fed the 
diets approximately 12 weeks, those receiv­
ing 0.10 and 0.42% of sulfate as either 
calcium or sodium sulfate were given 
radioactive diets for 10 days. Table 6 
shows the feed intake in  term s of grams 
and of total counts per m inute of the 35S, 
as well as the total counts per m inute for 
the excreted feces and the percentage of 
the total radioactivity absorbed. An at­
tem pt was m ade to keep the radioactivity 
of these diets similar, and the only statis-

TABLE 5
A v e r a g e  w e i g h t  g a in  a n d  f e e d  e f f ic ie n c y  r a t io s  o f  r a ts  r a is e d  w i t h  

e x p e r im e n t a l  d ie ts  f o r  10  w e e k s 1

L evel a n d  
sou rce  of W eig h t g a in F eed  efficiency ra tio

s u lfa te  
in  d ie t 2 c? 9 cT 2

0 .4 2 %  ( C a S 0 4)
9

2 9 6  ± 7
9

17 3  ± 5 0 .3 0  ± 0 . 0 0 2 0 .2 2  ± 0 . 0 0 4
0 .4 2 %  ( N a 2S 0 4 ) 3 1 6 ± 6 1 7 7 ±  5 0 .2 9  ± 0 . 0 0 4 0 .2 3 ± 0 .0 0 1
0 .0 2 %  ( H - M - W ) 3 3 0 6  ± 1 2 18 3  ± 6 0 . 2 6 ±  0 .0 1 2 0 .2 0  ± 0 . 0 0 4
0 .0 2 %  ( H - M - W ) 3 0 0  ± 8 1 7 8 ± 4 0 .2 8  ± 0 . 0 0 5 0 .2 1  ± 0 . 0 0 5
0 .1 0 %  ( C a S 0 4) 3 0 4  ± 5 18 8  ± 5 0 .2 8  ± 0 .0 0 4 0 .2 3  ± 0 . 0 0 2
0 .1 0 %  ( N a 2S 0 4) 3 1 0  ±  4 1 8 2 ±  5 0 .2 8  ± 0 . 0 0 6 0 . 2 2 ±  0 .0 1 0

1 R esu lts  a re  th e  a v e rag e  o f 6 a n im a ls ,  w ith  th e  e x cep tio n  o f th e  0 .42%  o f s u lfa te  fe m a le  g ro u p s 
w h ic h  a re  th e  av e rag es  o f  5 a n im a ls ,  ±  th e  s e  o f th e  m ean .

2 See ta b le  2.
3 H u b b e ll e t al. ( 7 ) .

TA BLE 6
R a d i o a c t iv i t y  i n g e s t e d  i n  t h e  f e e d  b y  t h e  a n im a l s  i n  t h e  g r o w th  s tu d y  1

L evel of Feed
in ta k e

R ad io ac tiv ity
s u lfa te  

in  d ie t 2 In g e s ted F e c a l
e x c re tio n A bsorbed

9 to ta l c o u n t I m in  x 10~  5 %
M a le s

0 .4 2 %  ( C a 35S 0 4) 1 2 9  ± 5 1 3 .0  ± 1 . 4 2 .4  ±  0 .1 8 81  ± 2
0 .4 2 %  ( N a 235S 0 4) 121  ± 1 0 9 .8  ± 1 . 2 2 .5  ±  0 .3 5 7 4  ± 2
0 .1 0 %  ( C a 35S 0 4) 1 4 3  ± 6 1 8 .0  ±  2 .0 4 . 3 ± 0 . 3 6 7 3  ± 5
0 .1 0 %  ( N a 235S 0 4 ) 1 6 2  ± 4 1 3 . 0 ±  0 .6 5 . 2 ± 0 .3 6 5 9  ± 5

F e m a le s
0 .4 2 %  ( C a 35S 0 4) 1 0 0 ± 4 1 4 .0 ±  1.1 2 .3  ±  0 .1 8 8 4  ±  1
0 .4 2 %  ( N a 235S 0 4) 9 8  ± 8 2 4 .0  ± 1 . 3 2 .2  ± 0 . 2 0 8 9  ± 2
0 .1 0 %  ( C a 35S 0 4 ) 9 7 ± 8 1 8 .0  ±  5 .7 3 .7  ± 0 . 8 2 7 2  ± 7
0 .1 0 %  ( N a 235SO.¡) 9 2  ± 4 1 6 .0  ± 1 . 6 4 . 6 ± 0 . 5 2 7 0 ± 4

1 See fo o tn o te  1 o f ta b le  5.
2 See ta b le  2.
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TA BLE 7
D is t r ib u t io n  o f  r a d io a c t iv i t y  i n  fe c e s ,  b lo o d , u r in e  a n d  m u c o p o ly s a c c h a r id e s  

i n  a n im a l s  i n  t h e  g r o w th  s tu d y  1

D ie ta ry  s u lfa te  
lev e l 2 Feces 3 B lood 1 U rin e  5 M ucopo ly ­

s a c c h a r id e s  6

% % % %
M a le s

0 .4 2 %  ( C a 33S 0 4) 19  ± 2 . 4 0 . 0 4 6 ±  0 .0 1 5 1 . 2 ±  0 .1 0 0 .8 7  ±  0 .1 3
0 .4 2 %  ( N a 235S 0 4) 2 6  ± 2 . 1 0 . 0 1 2 ±  0 .0 0 2 1 . 8 ± 0 .1 2 0 .8 8  ± 0 . 2 6
0 .1 0 %  ( C a 35S 0 4) 2 7 ± 4 . 7 0 .0 1 8  ± 0 . 0 0 2 1.1  ±  0 .2 2 1 .5 5  ± 0 . 2 2
0 .1 0 %  ( N a 235S 0 4) 41  ± 4 . 7 0 .0 3 0  ± 0 . 0 0 3 2 .6  ± 0 . 9 5 1 . 8 0 ±  0 .4 6

F e m a le s
0 .4 2 %  ( C a 33S 0 4 ) 16 ±  1 .2 0 .0 1 0 ± 0 .0 0 1 1 . 3 ± 0 .1 8 0 .3 7  ±  0 .1 0
0 .4 2 %  ( N a 235S 0 4) 11 ± 2 . 5 0 .0 0 9  ± 0 . 0 0 4 1 .5  ± 0 . 3 8 0 . 2 7 ± 0 .1 0
0 .1 0 %  ( C a 35S 0 4) 2 8  ± 7 . 0 0 .0 1 7  ± 0 . 0 0 4 0 . 7 6 ±  0 .3 0 0 .5 4  ± 0 . 2 0
0 .1 0 %  ( N a 235S 0 4 ) 3 0  ±  4 .1 0 . 0 1 6 ±  0 .0 0 2 1 .4  ± 0 . 5 0 0 .4 6  ±  0 .2 0

1 See fo o tn o te  1 o f ta b le  5.
2 See ta b le  2.
3 T o ta l c o u n t /m in ,  e x p re ssed  a s  a  p e rc e n ta g e  o f th e  to ta l  in g e s ted  rad io a c tiv ity .
4 C o u n t/m in  p e r  m l o f w h o le  b lood , e x p re ssed  as a  p e rc e n ta g e  o f th e  to ta l  in g ested  rad io a c tiv ity .
5 C o u n t/m in  p e r  m g  o f c re a t in in e , e x p re ssed  as a  p e rc en tag e  o f th e  to ta l in g e s ted  rad io a c tiv ity .
6 C o u n t/m in  p e r  m m o le  o f SO*“ , e x p re ssed  as a p e rc en tag e  o f th e  to ta l  in g e s te d  ra d io a c tiv ity .

tically significant difference in the counts 
per m inute consumed was between the 
groups of rats fed the diets containing 2 
forms of sulfate at 0.42% . The female 
rats fed the calcium sulfate consumed less 
25S (P  <  0.05), and the male rats fed the 
sodium sulfate consumed the least (P  <  
0.05). There was a significantly lower 
percentage excretion of the radioactivity 
from the female rats fed the diet contain­
ing 0.10% of sulfate as CaS04 than  from 
those fed the diet containing 0.10% of 
sulfate as N a2S04. A higher percentage 
sulfate absorption was obtained with those 
diets containing the largest am ounts of 
inorganic sulfur.

The data in table 7 showing the distribu­
tion of the radioactivity in the material 
analyzed are presented as a percentage of 
ingested radioactivity. On the basis of the 
radioactivity of these tissues, there are 
only 2 statistically significant differences 
between the utilization of the sulfur of 
calcium and sodium sulfate by the grow­
ing rat. The m ale rats receiving the 0.42% 
of sulfate as calcium sulfate excreted sig­
nificantly (P  <  0.05) smaller quantities of 
35S in their urine than  did those fed the 
0.42% of sulfate as N a2SO.t diet. None of 
the other urinary excretions were signifi­
cantly different. The blood of the male 
rats receiving 0.10% of sulfate as sodium 
sulfate contained significantly more radio­
activity than  that from those fed calcium 
sulfate. Analysis of variance (12 ) indi­
cated that a significantly higher percent­

age of the ingested radioactivity was re­
tained by the cartilage mucopolysacchar­
ides of the male rats than  by that of the 
female rats.

D IS C U S S IO N

The results obtained using adult female 
rats showed that the inorganic sulfur from 
both calcium and sodium sulfate was ab­
sorbed and incorporated into tissues. The 
calcium salt was generally absorbed better 
than its sodium counterpart, and in  all 
cases, in both the adult and growing stud­
ies, there was less of the sulfate from  the 
calcium sulfate excreted in  the urine. The 
total sulfur as sulfate in  the diet from neu­
tral plus inorganic sources was kept con­
stan t at 0.67% . As a result, both the inor­
ganic and organic sulfate level of these 
diets were varied in an inverse m anner. 
The anim als receiving the higher levels of 
sulfate did not receive supplem ental m eth­
ionine; therefore, they received only 0.25% 
of the diet as sulfate from the organic sul­
fur sources in  casein, whereas those fed 
the 0.10% of sulfate diets had 0.57% of 
organic sulfur. This could account for the 
higher absorption of “ SOT from the 0.42% 
of sulfate diets compared with their 0.10% 
counterparts. It appears that when the 
anim al has less neutral sulfur to convert to 
sulfate it compensates by an increased ab­
sorption of inorganic sulfur.

The growth and feed utilization study 
with weanling rats revealed no ill-effects
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from either of the salts at the levels used 
after long-term consumption. The growth 
appeared norm al; the anim als receiving the 
Hubbell, Mendel and W akem an salt mix­
ture gained about the same amount as 
stock anim als in  our laboratory. The dif­
ferences in  total dietary sulfur described 
previously may have been reflected in the 
increased feed efficiency which was ob­
tained with the rats consuming the higher 
level of sulfate (0.42% ) diets. If the lower 
level of inorganic sulfur (0.02%  ) is not 
sufficient to supply the sulfate needs of 
the rat, it may be forced to oxidize a large 
percentage of its neutral sulfur to satisfy 
its sulfate needs. As a result the sulfur 
amino acids could become limiting with a 
concomitant decrease in feed efficiency.

A statistically significant increase in the 
specific activity of the sulfur of cartilage 
mucopolysaccharides, expressed as a per­
centage of the dose, was obtained with the 
female rats fed 0.10% of sulfate as calcium 
sulfate ( table 7 ). A higher specific activity 
in the mucopolysaccharides from animals 
receiving calcium sulfate diets compared 
with sodium sulfate diets was obtained, 
with one exception, in  the adult study 
(table 3).

Because the adequacy of the basic salt 
m ixture modified for use in these diets has 
been questioned (1 3 ), the effect of the 
addition of zinc and adjustm ent of the 
calcium-to-phosphorous ratio to agree with 
the NRC recommendations (1 4 ) was 
checked with weanling rats from our stock 
colony. No significant improvement in the 
growth rate was obtained when salt m ix­
tures incorporating these additions were 
compared with the basic salt m ixture used 
in these studies.

In view of the similarity of sulfur and 
seleno-compounds which generally results 
in contam ination of sulfur compounds 
with selenium, it seemed desirable to check 
the effect of selenium addition to our low 
sulfate diets to be sure that the effects 
which we have observed were due to low 
sulfate and not to a selenium deficiency. 
Since pyruvic acid oxidase was one enzyme 
observed by Yang et al.8 to be subject to 
selenium deficiency, the pyruvic acid oxi­
dase activity of liver homogenates from 
rats fed the low sulfate and low sulfate

with added selenium were checked. No 
significant difference was obtained. There­
fore, it appears likely that these effects are 
due to diets low in sulfur.
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A B S T R A C T  T h i s  i n v e s t i g a t i o n  c o m p a r e d  th e  u t i l i z a t i o n  o f  n e u t r a l  a n d  in o r g a n ic  
s u l f u r  f o r  t h e  s u l f a t i o n  o f  c a r t i l a g e  m u c o p o ly s a c c h a r id e s .  A d u l t ,  f e m a le  r a t s  w e re  
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s u l f u r  a s  s u l f a t e  o r  m e th io n in e  w a s  in t r o d u c e d  in to  t h e  d ie t  a n d  th e  in c o r p o r a t io n  
i n to  f e c e s ,  b lo o d  a n d  c a r t i l a g e  m u c o p o ly s a c c h a r id e s  w a s  d e t e r m in e d .  T h e  d a t a  p r e ­
s e n t e d  s h o w  t h a t  w i th  a  n o r m a l  d ie t  i n o r g a n ic  s u l f u r  c o n t r ib u te s  a s  m u c h  to  th e  
m e ta b o l ic  s u l f a t e  p o o l  a s  d o e s  n e u t r a l  s u l f u r .  T h e  d a t a  a ls o  i n d i c a t e  t h a t  t h e  a v a i l ­
a b i l i ty  o f  S 0 4= is  r e l a t e d  to  t h e  r a t i o  o f  n e u t r a l  to  i n o r g a n ic  s u l f u r  i n  th e  d i e t  a n d  t h a t  
t h e  i n t e s t i n a l  a b s o r p t io n  o f  m e t h io n in e  m a y  b e  r e l a t e d  to  t h e  i n o r g a n ic  s u l f u r  l e v e l  o f  
th e  d ie t .  T h i s  e v id e n c e  s u g g e s te d  t h a t  t h e r e  i s  a  n e e d  f o r  i n o r g a n ic  s u l f u r  i n  t h e  d i e t  
to  p r e v e n t  a n  i n c r e a s e  i n  t h e  s u l f u r  a m in o  a c id  r e q u i r e m e n t  a b o v e  t h a t  n o r m a l ly  
s ta t e d .

Work from m any laboratories which has 
dem onstrated a relationship between the 
sulfur-containing amino acids and vita­
m in E has been reviewed by Scott (1 ) . 
Previous work in  this laboratory has shown 
that the response of ra ts to avitaminosis 
E was related not only to the total sulfur 
in  the diet, but also to the ratio of neutral 
to inorganic sulfur.4 W hen ra ts were 
forced to satisfy their sulfate requirem ents 
by oxidation of neutral sulfur the effects 
of vitam in E deficiency appeared to be 
enhanced. The available literature (2, 3) 
places little im portance upon the role of 
inorganic sulfur in m am m alian nutrition 
and implies that inorganic sulfur in  the 
diet is poorly utilized by non-rum inant 
m am m als. Our observations seemed con­
tradictory to the literature reports since, 
if inorganic sulfur were not a factor in  the 
nutrition of the rat, the effect of avitam ino­
sis E should be independent of the level 
of dietary sulfate.

Further studies in  this laboratory (4 ) 
showed that rats absorbed a m ajor portion 
of radioactive sulfate from dietary calcium 
or sodium sulfate and used it to sulfate 
cartilage mucopolysaccharides. The addi­
tion of sulfate improved the feed efficiency 
of anim als fed diets that were adequate 
otherwise. There was some indication that 
the ratio of organic to inorganic sulfur 
played a role.

The present investigation was designed 
to compare the extent to which inorganic 
sulfur and neutral sulfur could be used 
for sulfation of natu ral products.

E X P E R IM E N T A L  P R O C E D U R E

This study comprised 5 experim ental 
periods and used a total of 20 rats. For 
each experim ental period 4 adult female 
albino rats of the W istar strain were fed 
one of the four diets shown in table 1 so 
that each litterm ate would consume a dif­
ferent test diet for 17 days. For the first 
week of the experim ental period the diet 
was non-radioactive, during the last 10 
days of the period the anim als received the 
radioactive diets as shown in table 2. Feed 
and distilled water were m ade available 
to the rats at all times. Feed intake m eas­
urem ents and fecal collections were made 
daily while the anim als were receiving the 
radioactive diets. At the end of the period 
the anim als were decapitated and their rib 
cartilage and blood collected. The deter- * 1 2 3 4

R ece iv ed  fo r  p u b lic a tio n  J u n e  9, 1965.
1 P re s e n te d  in  p a r t  a t  th e  A n n u a l M ee tin g  o f th e  

F e d e ra tio n  o f A m e ric a n  Societies  fo r  E x p e r im e n ta l  
B iology in  C h icago , 1964. B u tto n , G. M ., R . G. B row n , 
F . G. M ich e ls  a n d  J. T . S m ith  1964 T h e  in f lu en c e  
o f in o rg a n ic  s u lfa te  on  th e  n e u t r a l  s u l fu r  re q u ire ­
m e n t o f th e  ra t .  F e d e ra tio n  P ro c ., 2 3 :  184 ( a b s t r a c t ) .

2 P u b lish e d  by  p e rm is s io n  o f th e  D irec to r, T en n essee  
A g ric u ltu ra l  E x p e r im e n t S ta tio n .

3 H o ld e r o f a  G e n era l Foods F e llo w sh ip  d u r in g  th is  
s tu d y .

4 P e n d e rg ra s s , B. J . 1961 T h e  in te r r e la tio n s h ip  of 
to co p h ero l a n d  s u lfu r  m e tab o lism . U n p u b lish ed  
M a s te r’s T h es is , U n iv e rs ity  o f T en n essee .

J .  N u t r it io n , 8 7 : ’6 5 2 1 7



218 FR A N C ES G. M IC H E L S  AND JO H N  T . S M IT H

TA BLE 1
C o m p o s i t i o n  o f  t h e  d ie ts

A B c D

C a s e in 1 5 .0 0
g /1 0 0  g o f  d ie t  

1 5 .0 0  1 5 .0 0 1 5 .0 0
D L -M e th io n in e 0 .0 0 0 .3 5 0 .3 5 0 .6 0
S u c ro s e 3 1 .0 0 3 0 .6 5 3 0 .6 5 3 0 .4 0
C o r n s t a r c h 3 2 .0 0 3 2 .0 0 3 2 .0 0 3 2 .0 0
N o n - n u t r i t iv e  b u lk  1 1 0 .0 0 1 0 .0 0 1 0 .0 0 1 0 .0 0
L a r d 6 .0 0 6 .0 0 6 .0 0 6 .0 0
C o d  l iv e r  o il 2 .0 0 2 .0 0 2 .0 0 2 .0 0
V i t a m in  m ix tu r e  2 1 .0 0 1 .0 0 1 .0 0 1 .0 0
S a l t  m ix tu r e  3 w i t h  0 .4 2 %  C a S 0 4 3 .0 0 — — —

S a l t  m i x t u r e  w i th  0 .1 0 %  C a S 0 4 — 3 .0 0 3 .0 0 —

S a l t  m ix tu r e  w i th  0 .0 0 0 2 % — — — 3 .0 0

1 A lp h ace l, N u tr i t io n a l  B io ch em ica ls  C o rp o ra tio n , C leveland .
2 D esc rib ed  in  th e  f ir s t  o f th is  s e r ie s  ( 4 )  in  ta b le  1, fo o tn o te  2.
3 D esc rib ed  in  th e  f ir s t o f th is  se r ies  ( 4 )  in  ta b le  2.

TA BLE 2

C a lc u la te d  le v e ls  o f  d ie ta r y  s u l f u r  a n d  d i s t r i b u t io n  o f  r a d io a c t iv i t y

D iet
% S u lfu r  a s  s u lfa te

T o ta l
In o rg a n ic N e u tra l

A 0 .4 2  ( C a 35S 0 4-2 H 20 )  1 0 .2 5
%

0 .6 7
B 0 .1 0 0 .5 7  ( 35S - m e t h io n in e )  2 0 .6 7
C 0 .1 0  ( C a 35S 0 4-2 H 20 ) 0 .5 7 0 .6 7
D 0 .0 0 0 .6 7  ( 35S - m e t h io n in e )  2 0 .6 7

1 P re p a re d  a s  d e sc rib ed  p re v io u s ly  ( 4 ) .
2 P u rc h a s e d  fro m  S c h w a rtz  B io re se a rc h  In c ., M o u n t V ern o n , N ew  Y ork. T h e  p u r ity  w as  co n ­

firm ed  by  p a p e r  ch ro m a to g ra p h y .

m ination of the specific activities of the 
diets, blood, feces and mucopolysaccha­
rides has been described (4 ) . The signifi­
cance of the differences obtained was 
evaluated by the m ethod of paired obser­
vations (5 ).

RESULTS
The data which are presented in table 3 

show that there was no statistically signi­
ficant difference in  the feed consumption 
of the rats fed any of the diets, and per­
haps because of the large standard error 
of the m ean, there was no statistically sig­
nificant difference in  the total isotope con­
sumption.

Data shown in table 4 represent the 
specific activity of the feces, blood and car­
tilage mucopolysaccharides. For reasons 
presented previously (4 )  these data are 
expressed as the specific activity of sulfate 
as a percentage of the ingested radioac­
tivity. The only significant difference in 
the fecal excretion is between diets C and 
D (P  <  0.005) which m ay indicate a pre­
ferential absorption of m ethionine. There

TABLE 3
T o ta l  f e e d  i n t a k e  a n d  is o to p e  c o n s u m p t i o n 1

D ie t F eed  in ta k e F eed  in ta k e

9 c o u n t /m in  x 10 ~ 5
A 1 1 6 ± 3 .4 1 5 . 5 ± 3 .6
B 1 1 5 ± 2 .6 1 0 .2  ±  5 .3
C 12 3  ± 1 0 . 0 1 9 .4  ± 4 . 2
D 1 1 6 ± 5.1 1 2 . 2 ±  3 .7

1 D a ta a re  av e rag es  «Df 5 a n im a ls  ± se  o f m e a n .

TA BLE 4
D is t r ib u t io n  o f  r a d io a c t iv i t y  i n th e  fe c e s ,

b lo o d  a n d  m u c o p o ly s a c c h a r id e s  1

D iet Feces B lood M ucopo ly ­
s a c c h a r id e s

A 6 .1 5  ± 0 . 9 6 0 . 1 4 ± 0 .0 0 9 0 .7 8  ± 0 . 0 4 3
B 6 .3 5  ±  1 .8 6 4 .0 9  ±  0 .6 0 0 .6 4  ± 0 . 0 9 8
C 8 .2 4  ± 1 . 6 8 0 .1 5 ± 0 .0 0 4 0 .5 6  ± 0 . 0 3 5
D 5 .0 6  ± 0 . 9 9 2 .7 3  ± 0 . 4 1 0 .3 9  ± 0 . 0 4 2

1 D a ta  a re  th e  av e rag es  o f 5 tr ia ls ,  e x p re ssed  as 
c o u n t /m in  p e r  m m o les  S0 4 = a s  a  p e rc e n ta g e  o f 
to ta l  in g e s ted  ra d io a c tiv ity  ±  s e  o f th e  m e a n .

is a highly significant difference (P  <  
0.001) in  the specific activity of the blood 
from all anim als except those that con­
sumed the radioactivity as Ca35SQ4, diets A
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and C. The specific activity of rib cartilage 
mucopolysaccharides obtained from the 
rats fed the high inorganic sulfur diet, diet 
A, is higher than  that obtained from rats 
fed any of the other diets and significantly 
higher than that from rats fed the 0.10% 
of sulfate diet, diet C, (P  <  0.005) or those 
where most of the sulfate had to be pro­
duced by oxidation of organic sulfur, diet 
D, (P  <  0.02). The specific activity of the 
cartilage mucopolysaccharides from the 
rats fed the radioactive methionine-supple­
m ented diet containing 0.10% of inorganic 
sulfate, diet B, was significantly higher 
than the mucopolysaccharides from those 
fed the radioactive methionine-supple­
m ented diet which did not contain any in ­
organic sulfur, diet D, (P  <  0.03).

D IS C U S S IO N

Denko and Bergenstal (6 )  have sug­
gested that fixation of 35S by cartilage m u­
copolysaccharides may have sufficient sen­
sitivity to be used in the assay of growth 
hormone. Therefore, it appears reasonable 
to assume that the data which have been 
presented for the sulfation of cartilage m u­
copolysaccharides have shown that with 
diets which contain at least 0.10% of in ­
organic sulfate rats use both inorganic and 
organic sulfur equally well for sulfation of 
mucopolysaccharides and that the level of 
inorganic sulfur in the diet may have an 
effect on the neutral sulfur requirem ent of 
the rat. It is conceivable that the inor­
ganic sulfate which was fed may have been 
reduced either by the intestinal flora or as 
shown by Robinson (7 )  by the intestinal 
mucosa; however, the data obtained for the 
specific activity of the blood demonstrate 
that there was little likelihood of the in ­
gested inorganic sulfur existing to any ap­
preciable extent as organic sulfur in  the 
blood. For example, the specific activity of 
the sulfur was very low in the blood from 
those ra ts that obtained the radiation from 
inorganic sulfur compared with the 20 to 
40 times increase in  specific activity in  the 
blood of those rats consuming diets with 
the label in the organic sulfur. Since it is 
evident that a high specific activity of the 
sulfur in  the blood is associated with the 
organic forms, it does not appear likely 
that these differences would exist if sig­
nificant quantities of inorganic sulfur were

reduced by the intestinal flora. Wald- 
schmidt (8 )  has suggested that very little 
sulfate was reduced by the rat.

The sulfate incorporation of the muco­
polysaccharides from rats fed the diet con­
taining radioactive methionine and 0.10% 
of inorganic sulfur, diet B, was signifi­
cantly higher than that from rats fed the 
radioactive methionine diet which con­
tained no inorganic sulfur. Interpretation 
of these data is complicated by the fact 
that in order to keep the total “sulfate” 
content of the diets constant, inorganic and 
neutral sulfur were varied in  an inverse 
m anner. Therefore, there are more sulfur- 
containing amino acids in  the diet without 
inorganic sulfur which would tend to di­
lute their specific activity. However, in 
the other diet the specific activity of the 
sulfate formed from neutral sulfur would 
be diluted by the unlabeled inorganic sul­
fur which has been shown to be utilizable. 
If the contribution of the inorganic sulfur 
is ignored, there is still an apparent de­
crease in sulfate incorporation by the m u­
copolysaccharides from rats fed the diet 
without inorganic sulfur.

The ratio of sulfur amino acids in diet 
D to B, assum ing complete digestibility of 
the casein, is 1.10 to 0.85 g/100 g of diet. 
Diet D has 0.60 g plus 0.50 g from the 
casein; diet B, 0.35 g plus 0.50 g from the 
casein; diet B has only 77% of the sulfur 
amino acids contained in  diet D. If the 
percentage specific activity, 0.64, obtained 
for the mucopolysaccharides from the rats 
fed diet B is multiplied by 77% , 0.49 is 
obtained, a figure which is still higher than 
the 0.39 obtained from the anim als fed 
diet D. These data are strengthened by the 
lower specific activity of the blood and 
feces of the rats fed diet D compared with 
diet B and indicate that 1.1% of sulfur 
amino acids in the diet which contains no 
inorganic sulfur m ay be inadequate, 
whereas 0.6% as reported by Womack et 
al. (9 )  is adequate if the diet contains in ­
organic sulfur. At this time we have no 
indication of the m inim al am ount of in ­
organic sulfur necessary; however, it ap­
pears that 0.1% is adequate and probably 
somewhat less will suffice (4 ) .

An exhaustive search of the literature 
did not reveal a specific dietary require­
m ent for inorganic sulfur by any m am ­
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m alian species. In general it is stated that 
the inorganic sulfur requirem ent of the 
anim als can be m et by in vivo oxidation 
of neutral sulfur. Wellers et al. (10 ) re­
ported that sulfate sulfur could supply 
about one-third of the total sulfur require­
m ent and all of the sulfur required beyond 
that of amino acids. So far as the authors 
are aware this is the first indication of a 
need for inorganic sulfur in the diet if the 
sulfur amino acid requirem ent is not to be 
increased.
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A B S T R A C T  I t  h a s  b e e n  s h o w n  t h a t ,  p r o v id e d  th e  e n e r g y  in t a k e s  o f  a n i m a l s  a r e  
b e lo w  a  c e r t a i n  p h y s io lo g ic a l  m a x i m u m ,  th e  th e r m o g e n e s i s  r e s u l t i n g  f r o m  c o ld  e x p o ­
s u r e  i s  a c c o m p a n ie d  b y  a n  i n c r e a s e d  fo o d  c o n s u m p t io n ,  a n d  a n  im p r o v e d  g r o w th  a n d  
N  b a l a n c e  a s  c o m p a r e d  w i t h  a n im a l s  a t  t h e r m a l  n e u t r a l i t y .  U n d e r  t h e s e  c o n d i t io n s ,  
e f f ic ie n c y  o f  p r o t e i n  u t i l i z a t i o n ,  r a t e  o f  to t a l  e n d o g e n o u s  N  lo s s ,  a n d  th e  e n e r g y  c o s t  
o f  p r o t e i n  s y n th e s i s  w e r e  s h o w n  to  b e  u n c h a n g e d .  W h e n  th e  t e m p e r a tu r e ,  a n d  d ie ta r y  
r e g im e n  w e re  s u c h  t h a t  t h e  a n i m a l ’s m a x i m u m  fo o d  i n t a k e  w a s  i n a d e q u a t e  to  m e e t  
i t s  e n e r g y  n e e d s  f o r  g r o w th  a n d  th e r m o g e n e s i s ,  th e  e f f ic ie n c y  o f  p r o t e i n  u t i l i z a t i o n  
w a s  r e d u c e d  a s  c o m p a r e d  w i th  t h a t  a t  n o r m a l  t e m p e r a tu r e s ,  i n  a  m a n n e r  a n a lo g o u s  
to  t h e  r e d u c t i o n  o b s e r v e d  a t  r e s t r i c t e d  c a lo r ic  i n t a k e s .  E q u a t io n s  a r e  p r e s e n te d ,  f o r  
p r e d i c t i o n  o f  e f f e c t iv e  p r o t e i n  v a lu e s  o f  d ie ts  u n d e r  c o n d i t io n s  o f  c a lo r ic  r e s t r i c t i o n  
a n d  r e d u c e d  t e m p e r a t u r e .  T h e  s ig n i f i c a n c e  o f  th e s e  o b s e r v a t io n s  i s  d i s c u s s e d  i n  r e l a ­
t io n  to  t h e  o p t im a l  c o n d i t io n s  f o r  e f f ic ie n t  f e e d in g  o f  l iv e s to c k ,  a n d  a ls o  t h e  s t a n d a r d i ­
z a t io n  o f  c o n d i t io n s  u n d e r  w h ic h  m e a s u r e m e n t s  o f  p r o t e in  q u a l i t y  s h o u ld  b e  m a d e .

There have been m any experiments 
which dem onstrate that exposure of ani- 
m ans to cold results in  increased food in ­
take, accompanied by an elevated urinary 
loss of N, evidently related to the concom­
itant increase in  protein-intake. Kleiber 
and Dougherty (1 )  showed that when 
chicks were fed a diet of constant compo­
sition at decreasing environm ental tem per­
atures, the intake of metabolizable energy 
rose progressively from 200 k ca l/d ay /(k g  
body w t)0,75 at 40°, to 300 k ca l/d ay /(k g  
body w t)075 at 21°, the net energy having 
a m axim um  between 30 and 40°, and 
growth rate being m axim al at 21°. Expo­
sure of rats to lower tem peratures has been 
observed by most workers to exert an ad­
verse effect on growth rates. For example, 
Sellers et al. (2 )  m aintained rats at 1.5° 
with diets of various composition, the cal­
oric density of which ranged from 4.1 to
6.2 kcal/g . Only very gradual weight in ­
creases were observed, and the caloric 
intakes which were the same for all the 
diets, were around 300 k ca l/d ay /k g 0-75. At 
this tem perature, growth and survival were 
unaffected by level of protein, fa t or carbo­
hydrate. However, experim ents by other 
workers have indicated that exposure to 
cold may exert an advantageous effect at 
some levels of dietary protein, but not at 
others. Thus Tredwell et al. (3 )  showed

higher growth rates and protein efficiency 
ratios at 1° than  at 25° for diets having 5 
and 10% protein, but poorer perform ance 
for diets having greater than 10%. Simi­
larly Meyer and Hargus (4 )  noted greater 
growth rates at 2° than  at 25° for ra ts fed 
a 10% casein diet but poorer perform ance 
at 2° than  at 25° for rats fed a diet con­
taining 25% casein. The data presented 
by these authors also indicate food intakes 
at low tem peratures of a little over 300 
k ca l/d ay /k g 0-73.

The results presented in this paper, are 
of experim ents designed to test the hypoth­
esis that these effects can be explained on 
the following assumptions.

1) That protein metabolism per se is 
uninfluenced by environm ental tem pera­
ture. Specifically that, provided energy 
supply is adequate, the efficiency of utiliza­
tion of dietary proteins, the energy cost of 
protein anabolism and total m inim um  en­
dogenous N losses are independent of tem ­
perature.

2 ) There is a m axim um  rate of utiliza­
tion of dietary energy (of approximately 
300 k ca l/d ay /k g 0 73 in  the ra t)  which can­
not be exceeded at any tem perature, and 
which is independent of the caloric density 
of the diet.

R eceived  fo r  p u b lic a tio n  M ay  14, 1965.
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The first assum ption suggests that the 
net protein utilization (N PU ) and net die­
tary protein calories per cent (NDpCal% ) 
of diets will not vary with tem perature, so 
long as energy requirem ents for basal 
needs, tem perature m aintenance, and the 
energy cost of growth, are all satisfied. 
Hence it would be expected that increased 
intake of utilizable protein leading to in ­
creased N balance and weight gain, would 
result from the appetite response to re­
duced tem peratures. However, the second 
assum ption suggests that for each fixed 
tem perature there will be a m axim um  pos­
sible rate of protein anabolism, and hence 
a m axim um  NDpCal% value which can be 
supported. Diets having values greater 
than  this (as m easured under norm al, i.e., 
therm oneutral conditions), would give an 
im paired utilization analogous to that ob­
served under conditions of caloric restric­
tion.

Miller and Payne (5 )  dem onstrated that 
for the range of caloric intakes within 
which energy supply is the factor limiting 
protein anabolism, the NDpCal% of diets 
can be predicted from the equation:

N D p C a l%  = P f l = - 1^ -  CD.

Where
9 =  net protein utilization,
P =  protein calories per cent of the diet,
E =  kilocalories required for the syn­

thesis of 1 kcal of protein,
CB =  kilocalories required for basal 

metabolism, and
C =  caloric intake in kilocalories.
If during exposure to a tem perature T, 

below the range of therm al neutrality, the 
metabolic rate is increased to a value CT, 
equation 1 becomes:

Also if Cm =  the m axim um  possible in ­
take of metabolizable energy (assum ption 
2 ), the m axim um  possible NDpCal% at 
tem perature T, will be:

Diets having values for NDpCal% less 
than  this, would be expected to promote 
increasingly higher growth rates and N 
balances with reduction of tem perature 
down to T, and progressively poorer per­

formance for tem peratures below T. All 
diets having values greater than  that given 
by equation 4, when m easured at norm al 
tem peratures, would be expected to pro­
mote the same growth rates and N bal­
ances at tem peratures below T, irrespective 
of their composition.

METHODS
Thirty-day-old rats were exposed to vari­

ous environm ental tem peratures in  still air 
by m ounting the cages inside a refrig­
erator, having an air tem perature regulator 
giving a control precision of ±  1°. No 
bedding m aterial was provided, but the 
rats were housed in groups of four. The 
rats were not acclimatized previously.

The utilization of dietary protein was 
m easured as net protein utilization opera­
tive, NPU by the m ethod of Miller and 
Bender (6 )  as modified by Miller and 
Payne (7 ) , body nitrogen content being 
determined by direct analysis. Calorific 
values of carcasses were determ ined by 
the method of Miller and Payne (8 ) . Body 
fa t content was calculated from the pro­
tein and gross energy content of dried 
carcasses.1 Diets were constructed accord­
ing to the form ula given by Miller and 
Bender (6 ) , casein being substituted for 
maize starch to give levels of 4, 10 and 
25% protein. N balances were calculated 
using the equation given by Miller and 
Payne (5 ) .

P(?C
A B =  — - 250 (5)

where AB =  N balance mg N /d ay /k g 073.

RESULTS
Choice of temperature. It was con­

sidered desirable for the m ain experiments, 
to choose an environm ental tem perature 
which would induce less than the m axim al 
food intake, at least for some of the protein 
levels. Table 1 shows the results of a 
prelim inary experim ent to determine food 
intakes using 4 and 10% protein levels, 
at 3 environm ental tem peratures.

At 15° the food intakes with both diets 
were considerably higher than  at 27° (the  
norm al anim al room tem perature), but 
below those observed at 10°. Accordingly

1 Jaco b , M. 1963 T h e  re la tio n s h ip  b e tw ee n  en e rg y  
e x p e n d itu re  a n d  p ro te in  in  th e  d ie ta ry  re g im e n . MSc 
T h es is . U n iv e rs ity  o f L ondon .
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TA B LE 1
C a lo r ic  in ta k e s  o f  r a ts  e x p o s e d  to  d i f f e r e n t  

a ir  te m p e r a tu r e s

P ro te in  
c o n te n t 
o f  d ie t

Food  in ta k e s  a t e n v iro n m e n ta l  
te m p e ra tu re s  of

27° 15° 10°

% h e a l /d a y /k g 0-73
4 150 2 2 0 2 9 0

10 2 1 0 2 9 0 3 0 4

15° was selected as a suitable tem perature 
for the m ain experiments.

N et protein utilization at 27° and 15°. 
Diets containing zero, 4, 10 and 25% 
casein, were fed to groups of four 30-day- 
old rats housed at 27° and 15°. At the end 
of 10 days, the anim als were killed, and 
the bodies analyzed for N and fat. Table 
2 shows m ean values for caloric intakes 
for all the diets and tem peratures; these 
data indicate th a t exposure to 15° stim u­
lated food intakes which exceeded those at 
27° by approximately the same am ount at 
all protein levels. A typical set of growth 
curves is shown in figure 1, which illus­
trates that ra ts fed a 4% casein diet grew 
slightly better, and those fed 10% casein 
diets markedly better at 15° than  those fed 
the same diet at 27°. In contrast with 
this, ra ts fed the 25% diet grew more 
slowly at the lower tem perature. Weight 
loss with the protein-free diet was the 
same at both tem peratures.

Table 2 shows average values for weight 
changes, body composition, NPU, NDp- 
Cal% and N balance for all diets and 
tem peratures, over the 10-day test period.

F ig . 1 W e ig h t  c u r v e s  o f  r a t s  f e d  d ie ts  c o n ­
t a i n i n g  c a s e in  a t  v a r io u s  le v e ls ,  a n d  h o u s e d  a t  
e i t h e r  15  o r  2 7 ° ...............................1 5 ° ;  ----------------- 2 7 ° .

There was no significant effect of tem ­
perature on the rate of total endogenous 
N loss, since the m ean difference between 
the total body N content of the groups of 
rats after 10 days of consum ing N-free 
diets at the 2 tem peratures was only 0.6 ±  
0.8% for 8 replicates. Table 2 shows that 
at the 4 and 10% protein levels, rats 
exposed to 15° ate more food, and utilized

TA BLE 2
U ti l i z a t io n  o f  N  b y  r a ts  f e d  d ie ts  o f  d i f f e r e n t  p r o te in  c o n te n t ,  a t  tw o  t e m p e r a tu r e s

D iet T e m p e ra tu re
B ody co m p o sitio n
----------------------------- N P U i

N  F a t
N D pC al% w t

c h an g e N  b a la n c e

h e a l / d a y  /
h g O . 7 3 % % 9 /d a y m g /  d a y  /

k g 0 . 7 3

N -fr e e 2 7 ° 1 24 9 .6 2 6 .7 — 0 - 1 . 0 —

N -fr e e 1 5 ° 18 8 1 0 .0 2 3 .0 — 0 — 1.0 —

4 %  C a s e in 2 7 ° 16 0 9 .2 3 0 .0 6 8  ± 0  2 ( 2 1  » 2 .9 - 0 . 1 - 7 5
4 %  C a s e in 15° 2 2 2 9 .2 3 0 .0 6 9  ±  0 .5 ( 2 ) 2 .0 +  0 .2 +  8

1 0 %  C a s e in 2 7 ° 2 2 6 8 .8 3 5 .0 6 6  ±  1 ( 3 ) 6 .8 +  1.8 +  3 6 7
1 0 %  C a s e in 15° 3 1 6 9 .3 3 1 .0 6 4  ± 2 ( 3 ) 6 .6 +  2 .6 +  5 8 5
2 5 %  C a s e in 2 7 ° 2 4 0 9 .9 2 8 .0 5 5  ± 1 ( 2 ) 1 3 .4 +  4 .1 +  1 0 3 0
2 5 %  C a s e in 15° 3 1 0 1 0 .5 2 2 .0 2 7  ±  1 ( 2 ) 9 .0 +  3 .2 +  8 7 0

1 T h e  d iffe ren ces  b e tw ee n  N P U ’s a t  th e  2 te m p e ra tu re s  a re  n o t s ig n if ic a n t fo r  th e  4 o r 10% c ase in  d ie ts  b u t 
a re  h ig h ly  s ig n if ic a n t fo r  th e  25%  c a s e in  diet.

2 s e  o f  m e a n .
3 N u m b e r o f re p lic a te  groups.
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the concomitant extra protein with un­
im paired efficiency, thus gaining more 
weight and nitrogen. However, animals 
fed the 25% protein diet were unable to 
utilize their dietary protein at full effi­
ciency, and gained less weight and N at 
15° than  at 27°. The effect of tem perature 
on carcass composition was slight, al­
though with the exception of the groups 
fed 4% casein, the N contents tended to be 
higher, and fa t contents lower at 15° than 
at 27°.

Effect  of restricted caloric intake on 
NDpCal% measured at 15°. Equation 2 
predicts that the relation between NDpCal 
% and - i -  will be linear, with an  in ter­
cept of on the NDpCal% axis and -fi- 
on the -?r- axis. To test the validity of 
this, ra ts housed at 15° were fed the 25% 
casein diet in  quantities corresponding to 
a range of from 160 to 310 k ca l/d ay /k g 073. 
Figure 2 shows the values of NDpCal %
obtained plotted against — together 
with the line fitted to the data by the 
method of least squares. Also shown is 
the line corresponding to previously re­
ported values (9 ) , which were obtained by 
feeding a num ber of different diets under 
conditions of therm al neutrality. The 2 
lines, correlation coefficients — 0.96, (n  =

F ig .  2  R e l a t io n s h ip  b e tw e e n  N D p C a l%  a n d  
c a lo r ic  i n t a k e ,  m e a s u r e m e n t s  m a d e  a t  1 5 °  ( t h i s  
p a p e r )  a n d  2 7 °  ( M i l l e r  a n d  P a y n e  ( 9 ) ) .  T h e  
e x p e r im e n ta l  p o in t s  s h o w n  a r e  m e a n  v a lu e s ,  a n d  
t h e  n u m b e r s  i n d i c a t e  n u m b e r s  o f  r e p l ic a te s .

16), and — 0.92 (n  =  17) have intercepts 
corresponding to 6.2 (2 7 °) and 6.7 (1 5 °) 
kcal of metabolizable energy required for 
the anabolism of 1 kcal of protein (E). 
The intercepts on the calorie axis corre­
spond to values of 70 k ca l/d ay /k g 0,73 at 
27°, which is the interspecies value for 
basal metabolism (1 0 ) and 130 k ca l/d a y / 
kgo.73 j or Ct at y  =  igo Herrington (1 1 ) 
gives a form ula for the metabolic rates of 
rats at various environm ental tem pera­
tures, which predicts a value of 136 k ca l/ 
day /kg073, for CT.

DISCUSSION
In the introduction to this paper, 2 hy­

potheses were proposed, which if correct 
would explain some of the complex and in 
some ways conflicting evidence in the lit­
erature of the effect of environm ental 
tem perature on growth rate and food utili­
zation.

The first hypothesis, namely, tha t pro­
tein metabolism as such is not qualitatively 
affected by a reduction in tem perature, is 
supported by the evidence in  the experi­
m ental section. Thus the NPU’s of casein 
at concentrations of 4 and 10% were the 
same when fed at 15° as at 27° despite a 
large increase in  protein intake. The fact 
that during all the experiments, the same 
am ount of N was lost from the bodies of 
rats fed N-free diets at the 2 tem peratures, 
shows that total endogenous N losses are 
unaffected by tem perature reduction. Fi­
nally there is very good agreem ent between 
the value for E, the energy cost of protein 
anabolism measured at 15°, with the value 
previously determined under therm oneu­
tral conditions.

The second hypothesis suggests that 
there is a fixed maxim um  possible ra te at 
which energy can be metabolized by ani­
mals. This has been recognized for some 
time in relation to m axim al feed intakes 
of rapidly growing animals, for example 
Kleiber (12 ) showed that for several spe­
cies of anim al ranging in size from chicks 
to steers, the ratio of the calorie value of 
the maxim um  food intake to basal m eta­
bolic rate is between 4 and 5. In  the 
experiments reported here, no intakes 
greater than  310 k ca l/d ay /k g 0,73 (about
4.5 times basal) were m easured at any 
tem perature. That this is not simply an
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effect of bulk of food has been amply 
demonstrated, for example by Sellers 
et al. (2 ) .

The observation that N metabolism is 
not qualitatively affected during therm o­
genesis is in  accord with results of respira­
tion studies of ra t liver homogenates, 
which have shown that m any of the Krebs 
cycle substrates including amino acids are 
oxidized at increased rates by the tissues of 
cold acclimatized anim las (1 3 ). If, as 
suggested by Miller and Payne (1 4 ) , the 
rates of oxidation of am ino acids and glu­
cose are dependent upon their relative 
concentrations at the cellular level, an in ­
crease in  overall oxidative capacity of the 
tissues would be accompanied by an in ­
crease in  the am ounts of substrates con­
sumed, but there would be no change in 
their relative proportions. This is illus­
trated by the fact that under conditions of 
adequate energy intake and norm al tem ­
perature, NPU is a function of concentra­
tion of protein, but not of intake (7, 9 ), 
and the present work shows that at the 4 
and 10% level in  the diet the increased 
am ounts of protein eaten at 15°, were 
metabolized with unchanged efficiency.

Thermogenesis would result from the 
increased energy available from the above 
processes passing either directly to heat 
(a  so-called uncoupled reaction), or in ­
directly through the form ation of ATP, and 
the subsequent use of this for syn­
thetic purposes. Heat developed indirectly 
through inefficient conversion of free en­
ergy along the latter route, would normally 
m anifest itself as part of the heat incre­
ment of feeding, or specific dynamic action 
(SDA), and it is of interest to note, that 
the results of this paper indicate that in 
young growing rats, the heat produced as 
a result of the SDA of the diet, did not 
exert a compensatory effect on the am ount 
of extra heat produced in  response to cold; 
thus the experiments carried out using 
restricted food intakes in  the cold resulted 
in  a wide range of intakes and growth 
rates (and  thus of SDA). However, the 
protein values m easured were all consist­
ent with equation 2, indicating that the 
increm ent in  basal heat production was a 
constant. This observation, while the op­
posite of that of Rubner (1 5 ) using dogs,

is in accord with results observed in  pigs 
(1 6 ), and rabbits (1 7 ), and ra ts (18).

Application of the results of this work 
to other anim als would be possible, given 
some estim ate of m axim al energy intake 
C m , and of metabolic rate at the reduced 
tem perature, CT.

Kleiber (1 2 ) has suggested that the ratio 
of m axim um  food intake to basal metabolic 
rate is a constant for all species, and lies 
between 4 and 5. The value of ~  300 k ca l/ 
day /kg073 observed for rats by us, and by 
others, corresponds to 4.3 times the basal 
level.

Fasting metabolic rates at reduced tem ­
peratures can be predicted if the critical 
tem perature is known, from the ex­
pression:

^  =  J B ~ . J  w h e n  T  <  T c

where T a is the core or deep body tem pera­
ture, and Tc the critical tem perature below 
which the thermogenic response to cold is 
initiated. Using the values 39° and 27° 
for Tb and Tc for the rats, and taking CB 
=  70 k ca l/d ay /k g 0'73, the above expression 
gives CT =  140 k ca l/day /kg073 at 15°, in 
reasonable agreement with the value de­
rived indirectly in this paper.

Using the value of 17 for -°° (Miller 
and Payne (9 ) ) ,  equation 4 thus becomes:

NDpCaI% = 17 [ ( l - ™ )  ( ^ B ]  W 
and inserting the value C =  300

=  17 [ (1 -0 .2 3 )  ( ^ 5 ^ - ) ]  (7)

Taking Tb =  39°, and Tc =  27°, values 
which according to Irving (1 9 ) are char­
acteristic of tropical anim als such as rats 
and nude men, we have:

NDpCal% =  17 [(1 — 0.019) (39 — T)] (8)
for values of T <  27°.

A proper understanding of the relation 
between environm ental tem perature and 
efficiency of food utilization is of great 
practical im portance for the most efficient 
housing of livestock, and for specifying the 
conditions under which biological assays 
for protein quality are to be carried out. 
Using equations 5 and 8, the tem perature 
can be calculated at which m axim um  per­
form ance in  term s of N balance will result 
from feeding a diet of known NDpCal% 
and also, for a given tem perature, the
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Environmental Temperature °C

Fig. 3 Relationship between m axim um  pos­
sible N balance, and environm ental temperature 
for diets of different NDpCal% . Assum ing a 
m axim um  possible energy intake of 300 kcal/ 
day/kg0-73, and a critical temperature of 27°.

m axim um  value of NDpCal% in the diet 
which could be utilized. These points are 
illustrated in the diagram  figure 3. The 
horizontal lines corresponding to different 
values of NDpCal% in the diet, intersect 
the slanting line at points indicating the 
m inim um  tem peratures at which these val­
ues could be utilized, and the m axim um  
possible N balance figures may be read 
from  the right hand vertical axis. Thus, 
for example, a diet having an NDpCal% of
8.0 could bring about a m axim um  N bal­
ance of 710 m g /d ay /k g 073, at a tem pera­
ture of 11.5°. Similarly values for NDp- 
Cal% greater than  11.0 could not be 
measured at environm ental tem peratures 
less than  20°.

Equation 6 may be used to predict the 
effects of restricted caloric intakes at dif­
ferent tem peratures, and may be used to 
test the validity of the results of pair­
feeding experiments, or of m easurem ents 
of the protein value of diets fed in  re­
stricted quantities. Thus, for example, a 
diet having an NDpCal% of 8.0, when fed 
ad libitum  to rats housed at 27°, would 
have a value of only 5.0 when fed in 
amounts equivalent to 100 k ca l/d ay /k g 0'73. 
However, equation 6 indicates that the 
value would fall to zero if the latter m eas­

urem ent was made at a tem perature of 
22° (72°F).

Thus, an im portant condition for accept­
able m easurem ents of protein quality, and 
protein values of diets, is that these should 
be m easured in  the region of therm al neu ­
trality, i.e., at a tem perature of around 
27° (81°F ) for rats.
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Changes in Collagen Metabolism Caused by 
Feeding Diets Low in Inorganic Sulfur * 1

R. GLENN BROWN,2-3 GRACE M. BUTTON 2 a n d  JOHN T. SMITH
D e p a r tm e n t  o f  N u tr i t io n ,  U n iv e r s i ty  o f  T e n n e s se e , K n o x v ille , T e n n e sse e

A B S T R A C T  The effects of decreasing the level of dietary inorganic sulfur on the 
m etabolism  of skin collagen were studied. Significantly less neutral salt-soluble and 
total collagen w as produced in  the skins of rats fed  diets w hich contained 0.0002%  
of su lfate compared w ith those fed  diets containing 0.02% of sulfate. The soluble 
collagen solutions derived from  skins of anim als fed  at the low  level of su lfate would  
not form therm al gels w hich are typical o f norm al soluble collagen solutions. This 
inform ation is  indicative of a severe failure to form  intram olecular crosslinkages. 
The theory w as advanced that the decreased production of collagen was due to a 
decrease in  fibroblast activity occasioned by a lim itation of dietary m ethionine. This 
lim itation w as believed to be the result of the decrease in  dietary sulfate which  
norm ally would spare m ethionine from  its function  in  furnishing sulfate for the sul­
fation of m ucopolysaccharides.

The level of inorganic sulfur in  an ani­
m al’s diet has been long thought to be in ­
consequential (1, 2 ). The opinion was ex­
pressed by one w riter (2 )  that the dietary 
sulfur am ino acids were the principal 
source of sulfate for the sulfation of sulfo- 
mucopolysaccharides in  animals.

Recent observations of this laboratory 
have indicated that inorganic sulfur has 
a definite role in  the diet (3 ) . Gilmore 4 
reported that rats fed diets low in inorganic 
sulfur and containing 0.60% 35S-methio- 
nine, incorporated less 35S into cartilage 
mucopolysaccharides than  their counter­
parts which were fed a higher (100-fold) 
level of inorganic sulfur. Button et al.5 re­
ported that cellular lipoproteins isolated 
from the livers of ra ts fed low levels of 
inorganic sulfur contained significantly 
less hexosamine than  their norm al con­
trols which was suggestive of a failure in 
sulfomucopolysaccharide metabolism.

This study was begun to determine 
whether this apparent failure in  mucopoly­
saccharide metabolism was reflected in a 
change in  collagen metabolism.

EXPERIMENTAL PROCEDURE

Male ra ts of the W istar strain were 
raised from weaning at 21 days of age for 
16 weeks with 2 modifications of the basic 
experim ental diet described in the first 
paper in  this series (4 ) . The 2 levels of 
sulfate, 0.02% (called the norm al level) 
and 0.0002% (called the low level), were

furnished by the salt m ixture of Hubbell 
et al. (5 )  and the low sulfate modifica­
tion of this salt m ixture described previ­
ously ( ( 4 )  table 2 ). Growth progress was 
followed by weekly weighing at which time 
the anim als were examined for any gross 
changes in appearance.

T is su e  f ra c tio n a tio n  a n d  g e l fo rm a tio n .  
At age 134 days, the anim als were decapi­
tated, the skins removed promptly and 
stored at —20° until processing. After the 
hair, fa t and loose connective tissue were 
removed, the skin was finely m inced with 
scissors. The minced hides were serially 
extracted with 5 daily changes of 5 vol­
umes (w :v ) of 1.0 M sodium chloride 
solution, and 5 daily changes of 5 volumes 
( w :v) of 0 .5 n acetic acid by shaking at 
4°. After extraction, the insoluble residue 
was washed by centrifugation with 3 
changes of 5 volumes (w :v ) of 0.10 n  
sodium hydroxide and 3 changes of 5 vol­
umes (w :v) of distilled water and steam- 
hydrolyzed in  5 volumes (w :v )  of distilled 
water. The extracts were quantitatively
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TABLE 1
Relative distribution of collagen fractions and total collagen observed in the skins 

of rats fed at low and  normal levels of  sulfate

Fraction
Total

collagenDiet group Neutral
salt-

soluble
Acid- Total

soluble soluble

g/100 g of collagen g /1 0 0 g of 
wet skin

Norm al sulfate 1 10.5 32.0 42.5 36.8
Low sulfate 2 6.0 28.7 34.7 24.1
t  value 3 3.833 0.893 1.744 4.698
P value <  0.01 >  0.50 >  0.10 <  0.01

1 Three animals in this group.
2 Five animals in this group.
3 Student’s t  test.

collected by centrifugation at 21,600 X  g 
for 30 m inutes at 4° and the am ount of 
hydroxyproline contained in  aliquot por­
tions of the extracts determ ined (6 ) . The 
am ount of collagen in  these portions was 
estim ated by m ultiplying the hydroxypro­
line content by 7.46 as suggested by Fry 
et al. (7 ) .

Portions of the neutral salt-soluble and 
acid-soluble collagen solutions were puri­
fied by the m ethod used by M artin et al.
(8 ) . The ra te of gel form ation in  neutral 
salt- and acid-soluble collagen solutions 
was determ ined by the method outlined by 
H ausm ann (9 )  using both crude and puri­
fied solutions. Statistical analysis was made 
by Student’s t test (10).

RESULTS

During the course of the study there 
was no statistically significant difference in 
the ra te of growth, as m easured by weight 
gains over the total period, between the 
experim ental groups. No gross abnormali­
ties were noted in  either group.

The relative distribution of the soluble 
collagen fractions is presented in  table 1. 
The skins from  the anim als fed the low 
sulfate diets produced significantly less 
neutral salt-soluble collagen compared with 
that produced in  the skins of anim als fed 
the 0.02% sulfate diet, whereas decreasing 
the level of sulfate had no statistically sig­
nificant effect on the am ount of acetic acid- 
soluble collagen produced.

This, coupled with the variability of the 
am ounts of acid-soluble collagen produced 
as indicated by the low t  value, accounted 
for the lack of a statistically significant dif­
ference in  the am ount of total soluble

collagen produced in  the skins of the low 
sulfate group compared with their norm al 
controls. There was a highly significant de­
crease in  the total am ount of collagen pro­
duced per 100 g of wet skin. W hether this 
decrease in  concentration was the result of 
an accelerated breakdown of collagen pres-
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Fig. 1 Rate of gel form ation at 37°, pH 7.4, 
of neutral salt-soluble collagen solutions con­
taining approximately the sam e am ount of hy­
droxyproline. The curve from  the norm al-sulfate
group is marked as 0 ------0, and the curve from
their low  sulfate counterparts is marked x-------x.
The upper curve is the average of 3 anim als and 
the lower curve is the average of 5 anim als.
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were obtained using purified preparations 
but will not be reported here in  detail.
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Fig. 2 Rate of gel form ation at 37°, pH 7.4, 
of acid-soluble collagen solutions containing one 
m illigram  of hydroxyproline. The upper curve
( 0 ------0 )  is that of the norm al su lfate group,
and the lower curve (x -------x )  is that from  the
low  sulfate group. The upper curve is the average 
of 3 anim als, and the lower curve is the average 
of 5 anim als.

ent or of a failure to synthesize collagen 
is not known; however, the highly signifi­
cant decrease in the percentage of neutral 
salt-soluble collagen in  the skins of the 
low sulfate group was suggestive of failure 
in synthesis.

The results of the gel form ation studies 
are shown in figures 1 and 2. The neutral 
salt-soluble and acid-soluble collagen solu­
tions derived from skins of anim als fed 
0.02% of sulfate diets formed gels rapidly, 
after a brief lag period of about 3 m inutes, 
and gelation was essentially complete in 
30 or 40 m inutes. The same solutions 
derived from animals fed the low sulfate 
diets did not form gels under the same con­
ditions which produced gels in  collagen 
solutions from the control group. The ex­
perim ents with the collagen solutions from 
the low sulfate group were not reported be­
yond 40 m inutes because of the appear­
ance of thready clumps in some of the 
tubes. It was noted, however, that even 
prolonged incubation (up to 120 m inutes) 
would not produce gels. The same results

DISCUSSION

The fibroblast, which is the cell gen­
erally conceded to synthesize both collagen 
and sulfomucopolysaccharides, is sensitive 
to several factors including the level and 
quality of the dietary protein. Pearce et al.
(1 1 ) have reported a decreased fibroblast 
population in healing experim ental wounds 
inflicted on protein-depleted animals. This 
decreased population was accompanied by 
a decrease in  the production of collagen 
and stainable mucopolysaccharides. De­
privation of m ethionine has been reported
(1 2 ) to block the m aturation of the fibro­
blast and concomitantly, collagen produc­
tion.

It has been suggested by Kun (2 )  tha t 
dietary m ethionine is the principal if not 
the sole source of inorganic sulfate for 
the sulfation of sulfomucopolysaccharides. 
Gilmore 6 observed that the 0.60% m ethio­
nine contained in  some experim ental diets 
was not sufficient to furnish sulfate for 
the sulfation of mucopolysaccharides if the 
inorganic sulfur in  the diet was decreased 
to a low level. In effect, m ethionine could 
be thought of as a lim iting amino acid, 
and as a consequence the production of 
collagen could have been impaired. Alter­
natively, the decreased am ount of collagen 
present in the skins of anim als fed the low 
sulfate diets m ay have been the result of 
an increased catabolism of collagen already 
present. The writers, however, do not be­
lieve this to be the case, since, as Peacock
(1 3 ) pointed out, the level of neutral salt- 
soluble collagen present in the healing 
wound was a good m easure of the rate of 
collagen synthesis. The fact that the ani­
mals had been fed the sulfate-deficient diet 
since weaning also argues against a break­
down of collagen already formed.

It is obvious from the gelation studies 
that the soluble collagen from the skins of 
anim als fed the low sulfate diets is not 
normal. Wood (14, 15) fractionated neu­
tral salt-soluble collagen into 3 fractions: 
A, B and C. These fractions varied with 
respect to their subunit composition and 
their role in gel forming. Fraction A con­
tained a- and p-units in the ratio of 4 :1 ,

6 See footnote 4.
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fraction C had an a- to (3- ratio of 2 :1 , 
whereas the B fraction contained no 13- 
component. The C fraction, which con­
tained the greatest proportion of the more 
m ature, crosslinked, [3-component was the 
so-called nucleating fraction about which 
the fibrils of the gel formed. The B fraction 
which contained no [3-component would 
not form therm al gels. The [3-components 
are formed from «-components by in tra­
m olecular crosslinkage (15).

It appears then that there was either a 
lack of the nucleating fraction or a large 
am ount of the B fraction was present in 
the collagen solutions from the skins of 
anim als fed at low levels of inorganic sul­
fur. While precisely which is the case is 
unknown, in  either event a decrease in 
intram olecular crosslinkage appears to be 
indicated.

Why decreasing the level of dietary sul­
fate should cause a change in  crosslinkage 
is not known; however, a tentative sug­
gestion m ay be made. As pointed out 
above, there is reason to believe that de­
creasing the level of dietary sulfate im ­
pedes the activity of the fibroblast. It is 
known that in addition to synthesizing col­
lagen, this cell also secretes sulfomuco- 
polysaccharides. Button et al.7 reported 
that decreasing the level of inorganic 
sulfur in  the diet caused a significant de­
crease in  the hexosamine bound to cellular 
lipoproteins which are thought to be the 
m em branous m aterial of the cell (16). 
Although the role of mucopolysaccharides 
in collagen synthesis and m aturation is 
ill-defined, Lowther (18 ) suggests that the 
heavy mucopolysaccharide covering of the 
fibroblast serves to hold the newly secreted 
collagen fibers so that crosslinkage and 
m aturation can occur. Wood and Keech
(19) suggest that sulfated mucopolysac­
charides participate in  the form ation of 
the nucleating fraction. It is reasonable, 
therefore, to suggest that the inability to 
form gels of the collagen solutions from 
skins of anim als fed low sulfate diets may 
be traced to abberations in  sulfomucopoly- 
saccharide metabolism.

The acid-soluble fraction was found to be 
homogeneous by Wood (14 ) and composed 
of more m ature, crosslinked collagen as

marked by increased am ounts of the 13- 
subunit (1 6 ). It appears tha t even this 
more m ature collagen fraction is abnormal 
in  the anim als fed the low sulfate diets. 
The precise nature of the abnormality is 
the subject of continuing investigation.
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Effect of Acetate and Propionate on the Utilization 
of Energy by Growing-Fattening Lambs * 1
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ABSTRACT  Growing-fattening lam bs fed a basal ration of pelleted alfa lfa  hay  
showed no response in  either rate of gain in  body w eight or feed required per unit 
gain w hen propionate or acetate was incorporated in  the feed. The addition of corn 
to the basal ration resulted in  a significantly faster rate o f gain. Estim ates of the 
com position of gains were obtained by slaughter and chem ical analysis o f 4 lam bs 
at the beginning, and 2 lam bs from each treatm ent group at the end of the trial. The 
gains of the lam bs fed propionate, acetate or corn were considerably higher in  fat 
than those of controls. On an energetic basis, these groups converted digestible energy 
to body gain w ith considerably greater efficiency than the control group. No differ­
ence in efficiency was observed am ong supplem ents.

Calorimetric studies of Armstrong and 
Blaxter (1 ) and Armstrong et al. (2 )  have 
indicated clearly that propionic and butyric 
acids are utilized with greater efficiency 
than acetic acid when infused into the 
rum en of fattening sheep. On the basis of 
this work it m ight be postulated that an 
increase in either rate of gain or feed 
efficiency, or both, would result from the 
addition of propionic or butyric acid to ra ­
tions which norm ally yield high propor­
tions of acetic acid during rum inal fer­
mentation. In general, however, addition 
of the free acids to rations has rendered 
them unpalatable (3, 4 ) and the acids 
when added as salts have not resulted in 
significant differences in  rates of body gain 
in lambs (3, 5, 6 ). In beef cattle the addi­
tion of 2% sodium propionate to fa tten ­
ing rations did not improve gains over con­
trols, although it tended to reduce feed 
intake and increase feed efficiency slightly
(7 ) . Intra-rum inal infusions of acetic, 
propionic and butyric acids in  non-lactat- 
ing dairy heifers fed a norm al ration re ­
sulted in  increased nitrogen retention and 
body weight gain, but in  no case was the 
difference among acids significant (8 ) .

The possibility rem ained that dietary 
propionate or butyrate m ight result in  a 
greater gain of body fa t than  acetate, w ith­
out influencing rate of gain in  weight. In 
the experiment reported here complete car­
cass analyses were m ade to compare the 
composition of gains in lambs fed a basal

roughage ration with or without additions 
of acetate, propionate or com.

EXPERIMENTAL PROCEDURE

Sixty-three native (New York State 
crossbred) shorn, feeder lambs (23 to 35 
kg) were divided as to sex and initial 
weight and randomly assigned to 9 groups 
of 7 lambs each. The groups were then 
allotted at random  to 4 dietary treatm ents 
(2  groups per treatm ent). Four lambs, 
representing the weight range, from  the 
rem aining group were killed for analysis 
at the beginning of the trial. The 3 re­
m aining lambs in  this group were dis­
carded. Each group was assigned a sepa­
rate pen and group-fed twice daily on an 
ad libitum  basis for a 50-day feeding 
period. Feed consumption and refusals 
were recorded daily and body weights to 
the nearest 0.2 kg were taken weekly. 
W ater and trace-mineralized salt were 
available throughout the trial. At the end 
of the trial, one representative lamb from 
each pen (2  per treatm ent) was selected, 
shorn, and killed for analysis.

The 4 experim ental rations employed 
were: 1) alfalfa hay, 2 ) alfalfa hay plus 
113 g shelled com  per lamb per day, 3) 
alfalfa hay containing 10% sodium pro­
pionate (NaCsHsCh), and 4) alfalfa hay con-
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de N e m o u rs , In c ., W ilm in g to n , D e law are .
2 P re s e n t a d d re ss : CIBA R ese a rch  F a rm , T h ree

B ridges, N ew  Jersey .

J . N u t r it io n , 87: ’65 233
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taining 10% sodium acetate (NaCzHaCV 
3H20 ) .

The feeds were prepared and fed in  com­
plete pelleted form, except for the shelled 
corn, which was added in  appropriate 
quantity at each feeding. Alfalfa hay, the 
basal portion of all rations, was ground in 
a ham m erm ill through a 0.3-cm screen. 
A portion of this was pelleted in a mobile 
pelleting unit through a 2-cm die. After 
repeated, unsuccessful efforts with the 
mobile machine to pellet the m ixture of 
ground hay and sodium acetate or propio­
nate, this m aterial was pelleted in  a com­
mercial feed mill through a 0.6-cm die. As 
a result of these difficulties the basal pel­
lets used in the trial were of a different 
diam eter than  those containing the propio­
nate and acetate, although all were made 
from the same lot of ground hay. Follow­
ing the growth trial, 4 of the lambs were 
used to assess the digestibility of the 4 
rations.

Feed samples were composited during 
the growth trial and during each period of 
the digestion trials. These, together with 
the dried fecal samples were subjected to 
proximate analysis and heats of combus­
tion were determined in  a Parr adiabatic 
oxygen bomb calorimeter. The shorn, com­
plete empty bodies of the lambs killed were 
frozen, ground, mixed and sampled in 
duplicate for analysis. These samples 
were freeze-dried to constant weight for 
m oisture determ ination and subsequently 
extracted with diethyl ether. The dried ex­
tracted m aterial was analyzed for mois­
ture, ether extract, nitrogen and ash, and 
heats of combustion were determined as 
described above. Energy content of the 
empty bodies was computed by assigning

a value of 9.405 kca l/g  3 to the extracted 
fat, and using the heats of combustion of 
the dried “fat-free” m aterial. The initial 
composition and energy content of the 
ingesta-free, wool-free bodies of each group 
of lambs were estim ated by computing the 
m ean composition and caloric value per 
unit live weight of the 4 lambs initially 
slaughtered and applying these values to 
the m ean initial weights of the groups. 
Final composition and energy content were 
estim ated in  the same m anner. The com­
position and energy of the wool were not 
estimated, although wool weights were re­
corded.

RESULTS AND DISCUSSION

Proximate composition of the feeds used 
is presented in  table 1 and body weight 
gains and feed consumption data in  table
2. The ash values for the feeds containing 
acetate or propionate were higher than  
would be expected from the added sodium. 
They were, however, consistent among 
feed samples and may reflect the partial 
oxidation of sodium in the ash determ ina­
tion. The lambs receiving alfalfa hay and 
corn gained significantly (P  <  0.01) more 
body weight than  those on the other treat­
m ents. Average body weight gains of 
those on the basal, acetate and propionate 
treatm ents were almost identical. This ob­
servation is in substantial agreem ent with 
earlier work (5 ) . An exam ination of the 
data on gastrointestinal “fill” of the lambs 
killed, indicated only small variation 
among treatm ents (range 21 to 24% of 
live weight). Wool weights likewise showed

3 P a la d in e s ,  O. L. 1963 E n e rg y  u ti l iz a t io n  by  
sh eep  as in f lu en c e d  by  p h y s ic a l fo rm , c o m p o sitio n  
a n d  leve l o f in ta k e  o f d ie t. P h .D . T h es is , C o rn e ll 
U n iv e rs ity .

TA BLE 1

Proximate composit ion of feeds

Feed Water Crude
protein

Ether
extract

Crude
fiber

Nitrogen-
free

extract
Ash Organic

matter

% % % % % % %
A lfalfa pellets 12.1 14.0 1.8 32.5 34.1 5.6 82.4
Alfalfa +  propionate 1 15.4 12.8 1.7 28.8 30.7 10.6 74.0
A lfalfa +  acetate 2 16.4 12.8 1.7 29.6 30.6 8.9 74.7
Shelled corn 13.2 8.8 4.5 2.4 70.0 1.1 85.7

1 S od ium  p ro p io n a te  N .F . (N aC sH sC ^) a d d ed  to  g ro u n d  h a y  a t  10%  lev e l; p ro p io n ic  a c id  e q u iv a ­
le n t  a p p ro x im a te ly  7.7%  o f th e  feed .

2 S od ium  a ce ta te  N .F . (N a C 2H 3 0 2 ' 3 H 2 0 ) a d d ed  to g ro u n d  h a y  a t  10%  lev e l; ace tic  a c id  e q u iv a le n t 
a p p ro x im a te ly  4 .4%  o f th e  feed .
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little variation (range 540 to 650 g). 
Slightly less feed was consumed by the 
lambs on the acetate treatm ent, and par­
ticularly those receiving the propionate 
treatm ent, than by the control or corn 
groups. This m ay be attributable to the 
higher sodium content of these diets (4 ) . 
The average calculated consum ption of 
acetic and propionic acids in  the rations 
was very nearly equal on a molecular 
basis; on a caloric basis, however, the 
lambs on the propionate treatm ent con­
sumed in  the form of organic acid almost 
twice as m uch energy as those on the ace­
tate treatm ent.

The addition of acetate or propionate to 
the rations had little effect on the diges­
tion coefficients for any of the proximate 
components (table 3 ), with the possible 
exception of crude fiber. Acetate appeared 
to reduce crude fiber digestibility slightly, 
but the reduction was not statistically sig­
nificant. The total digestible nutrient 
(TD N ) values for the feeds containing 
acetate and propionate were substantially 
lower than the TDN value of the basal

feed prim arily because of their higher ash 
content. On an ash-free basis the TDN 
values were 53.8, 53.4 and 50.9 for the 
basal, propionate and acetate treatm ents, 
respectively. The digestion coefficients for 
the shelled corn were obtained in  “differ­
ence” trials, in  which corn was fed at low 
levels with the basal pelleted ration. The 
coefficients for corn were extremely vari­
able among anim als as is frequently the 
case in such trials; however, the average 
values are in reasonably good agreement 
with those for No. 2 dent corn as listed 
by Morrison (9 ) . The average TDN value 
is very close to Morrison’s value on a dry- 
m atter basis and was, therefore, considered 
valid for use in efficiency calculations.

The data in  table 4 show that the lambs 
from the propionate, acetate or corn treat­
m ents were fatter than those from the 
basal ration. This is reflected in  both the 
composition and energy content of the dry 
m atter of their ingesta-free, wool-free bod­
ies. Furtherm ore, there was essentially no 
difference in composition of those on the 
acetate and propionate treatm ents. While

TABLE 2
Average body lueight gains and feed consumption

Ration
Basal Propionate Acetate Corn

No. o f lambs 14 14 14 14
Initial weight, kg 27.7 28.0 28.1 27.6
Final weight, kg 35.7 35.4 35.6 37.3
Daily gain, kg 1 0.16 0.15 0.15 0.19
Feed consum ed, kg 87.6 79.4 84.3 86.8
TDN 2 consum ed, kg 38.8 31.4 32.1 40.5
DE 3 consum ed, m egcal 191.6 181.9 177.7 197.6

1 s e  of mean =  0.012. Corn >  others (P  <  0 .0 1 ).
2 Total digestible nutrients.
3 Digestible energy.

TABLE 3
Digestion coefficients, total digestible nu trient (TDN) and digestible energy (DE) values of the feeds

Feed Dry
matter

Crude
protein

Ether
extract

Crude
fiber

Nitrogen-
free

extract
Energy TDN 1 DE

% % % % % % % kcal/kg
Alfalfa pellets 51.2 2 65.6 49.6 33.8 64.9 52.6 50.4 2487
Alfalfa +  propionate 52.9 66.7 44.3 32.5 64.2 55.8 46.7 2709
A lfalfa +  acetate 50.1 64.4 46.7 30.4 62.7 52.5 45.5 2521
S E  3 ± 1 .0 2 ± 1 .4 0 ± 5 .7 1 ± 1 .3 8 ± 1 .3 8 ± 0 .9 9 ± 0 .9 3 ± 2 5
Shelled corn 4 89.1 73.8 85.0 50.4 93.7 87.7 92.8 4095

1 Dry-matter basis.
2 Each coefficient is the average of 3 observations.
3 s d  of a mean.
4 Values determined by difference. The standard errors are not appropriate to the values for shelled corn.
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those receiving corn gained more weight 
and thus had a higher total body energy 
content than  those on the fatty acid treat­
m ents, they were not appreciably different 
in composition. Those fed the basal ration, 
however, were sim ilar in  composition to 
the lambs analyzed at the beginning of 
the trial. Bentley et al. (5 )  presented data 
on the moisture and fa t content of the 
ground shoulders from lambs fed acetate 
or propionate which, though quite variable, 
suggested that those fed the acid salts 
were fa tter than controls.

The estim ated composition of the gains, 
as well as the estim ated total energy gains 
for the entire groups are presented in  table
5. These data suggest that the gain in 
body weight of the basal group was much 
higher in  water and lower in fat than that 
of the other 3 groups, all of which were 
very similar. The validity of these data is 
obviously predicated on the assumption 
that the lambs analyzed were typical of 
the lambs in the groups they represented. 
While compositional data are, of course, 
unavailable to support this assumption, the 
average rate of body weight gain of the 2

lambs slaughtered in  each case closely 
paralleled the average rate of gain of their 
respective treatm ent groups.

Calculations of efficiency of gain (table
6) indicate that the feed required per unit 
of gain in live weight was sim ilar for the 
basal, acetate and propionate rations, and 
somewhat lower for the ration containing 
corn. W hen the caloric efficiency was 
computed on the basis of digestible energy 
(D E) required per unit energy gain, the 
basal ration was less efficiently utilized 
than  the other three, all of which were 
similar. Digestible energy intakes were 
very similar with the acetate and propio- 
ate treatm ents. The fact that the lambs 
consumed nearly twice as m any calories 
from propionate as they did from acetate 
plainly suggests that the propionate was 
not utilized with greater energetic effi­
ciency than  the acetate.

The lack of agreem ent between these re ­
sults and those of Armstrong et al. (1, 2) 
is not readily explained. Several factors, 
however, m ay have relevance. The ani­
mals used by Armstrong et al. (1, 2) were 
adult sheep; those in the present study

TABLE 4
Average chemical analyses of ingesta-free, wool-free lamb bodies

Treatment No.
lambs

Dry
matter

Composition, dry-matter basis
Crude

protein
Ether 

1 extract Ash Total
energy

% % % % megcal
Initial 4 38.0 42.4 48.1 11.9 54.6

SE 2 ± 1 .2 ± 2 .0 ± 2 .7 ± 0 .7 ± 4 .2 4

Final
Basal 2 35.5 43.6 46.7 10.4 65.1
B as al +  propionate 2 38.8 39.1 52.0 9.4 76.8
Basal + a ceta te 2 38.6 39.6 51.6 9.9 76.0
Basal +  corn 2 38.4 38.5 53.0 9.4 80.5

SE ± 1 .7 ± 2 .9 ± 3 .8 ± 1 .0 ± 5 .9 9
i N X 6.25.
2 SD of a mean.

TABLE 5
Estimated composit ion and  total energy of ingesta-free, wool-free body gains

Treatment Water Total
energy

% % % % megcal
Basal 73.8 11.0 14.0 1.3 11.7
Basal +  propionate 60.9 26.0 12.2 1.0 21.6
Basal-(-acetate 60.5 24.7 13.1 1.8 21.7
Basal +  corn 61.2 25.3 12.0 1.5 27.1
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TABLE 6
Efficiency of feed utilization

C r i t e r i a
T r e a t m e n t

B a s a l B a s a l  +  
p r o p i o n a t e

B a s a l  +  
a c e t a t e

B a s a l  +  
c o r n

F e e d / k g  g a i n ,  k g 1 1 . 0 1 0 . 6 1 1 .4 8 . 9
T D N  V k g  g a i n ,  k g 4 . 9 4 . 2 4 . 3 4 . 2
T D N / m e g c a l  g a i n ,  k g 3 . 3 2 1 . 4 5 1 .4 8 1 .4 9
D E  V m e g c a l  g a i n ,  m e g c a l 1 6 . 3 8 8 . 4 2 8 . 1 9 7 . 2 9
N e t  u t i l i z a t i o n  o f  D E  f o r  g a i n , 3 % 1 1 .7 2 4 . 0 2 5 . 4 2 6 . 0

1 T o t a l  d i g e s t i b l e  n u t r i e n t s .
2 D i g e s t i b l e  e n e r g y .
3 R e t e n t i o n  o f  e n e r g y  s u r p l u s  t o  m a i n t e n a n c e ;  m a i n t e n a n c e  r e q u i r e m e n t  e s t i m a t e d  a s  7 6  W ° -75ib 

( G a r r e t t  e t  a l .  ( 1 1 ) ) .  E n e r g y  g a i n  i n  w o o l  d i s r e g a r d e d .

were growing-fattening lambs. Using 
growing heifers infused with fatty acids, 
Rook et al. (8 )  failed to obtain a significant 
difference between acetic and propionic 
acids in  calculated energy gain. In the pres­
ent study the acids were incorporated in the 
feeds as acid salts, whereas in  the British 
work they were infused as dilute acids into 
the rum en. Although the acid salts did not 
appear to grossly alter digestibility, their 
possible effect on the rum en environm ent 
should not be overlooked as a factor con­
tributing to the difference in  results. It is 
interesting in this respect that Bentley et 
al. (5 )  reported a lower total am ount of 
volatile fatty acids in  the rum ens of lambs 
fed propionate than  of those fed acetate.

The net utilization of DE surplus to 
m aintenance was computed (table 6) us­
ing the form ula of Garrett et al. (1 1 ) to 
estim ate m aintenance requirem ents. W hen 
expressed in this way the efficiency of 
energy utilization is again very similar for 
the 3 supplemented groups. Approxi­
mately one-half of the DE consumed was 
required for m aintenance. The evidence 
available (1 0 ) indicates that m ixtures of 
volatile fatty acids of widely varying pro­
portions are utilized with essentially equal 
efficiency for this purpose. It may be that 
the present study was not sufficiently sen­
sitive to detect differences between the ace­
tate and propionate rations at the levels 
employed.

The striking difference in  efficiency be­
tween the basal and supplem ented groups 
is also difficult to explain. The basal group 
consumed more DE than  either the ace­
tate or propionate groups. If it is assumed 
that the added acetate and propionate were 
quantitatively absorbed without the energy

losses normally accompanying rum inal fer­
m entation, they would account for approxi­
mately 7 and 13% , respectively, of the DE 
consumed. The elim ination of the energy 
loss associated with ferm entation of such 
a small portion of the caloric intake ap­
pears to be m uch too small to account for 
the m arked change in  energy gain. Bent­
ley et al. (5 ) , however, reported very high 
feed replacem ent values for acetate and 
propionate in their studies. The results of 
the present experiment indicate that ace­
tate, propionate or corn when added to an 
all-hay ration greatly increase the efficiency 
with which energy is stored in  the grow­
ing-fattening lamb.
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Effect of Physical Form, Composition and Level of 
Intake of Diet on the Fatty Acid Composition 
of the Sheep Carcass * 1 2

A. BENSADOUN 2 a n d  J. T. REID
Departm ent of Animal Husbandry, Cornell University,  Ithaca, N ew  York

ABSTRACT  The fatty acid com position of the m ixed lipids was determined in  the 
ground, whole carcasses of 45 sheep, each of which had ingested for 196 days one of 
3 diets at one of 3 levels of intake. The sheep were of 2 ages (2 7  and 15 m onths at 
the time of slaughter). The proportions of the major fatty acids were not different for 
the sheep ingesting the 3 diets (chopped hay; pelleted, ground hay; and a pelleted  
m ixture of 45% of corn m eal and 55% of ground h a y ). There was, however, a sig­
nificantly lower proportion of heptadecanoic and heptadecenoic acids in  the carcasses 
of sheep fed the corn-containing diet than in those ingesting the other diets. Car­
casses of sheep on the low  level of intake contained 18% more of oleic acid than did 
those of sheep receiving the high level of intake. This significant increase (P  <
0 .05) was at the expense m ainly of stearic acid. The carcass lipids o f 27- and 15- 
month-old sheep adjusted to the sam e body w eight had essentially  the sam e fatty acid 
com position. The proportions of branched heptadecanoic acid were significantly greater 
(P  <  0 .05) in  the 27-month-old sheep. In this study, body weight was the m ost im ­
portant factor influencing the fatty-acid com position of the carcass. The percentage of 
oleic acid and the w eight of the ingesta-free body were significantly (P  <  0 .05 ) cor­
related. As body w eight increased, the percentage of oleic acid increased. This in ­
crease was com pensated by a decrease in  the concentrations of stearic, palm itoleic, 
odd-numbered and branch-chain fatty acids.

The fatty acid composition of adipose tis­
sue in  rum inants is relatively difficult to 
alter by changing the nature of the dietary 
lipids. It has been amply dem onstrated that 
biohydrogenation of dietary unsaturated  
fatty acids by the rum en microflora (1 )  3 
accounts for this constancy in  body fat 
composition. However, in  commonly fed 
sheep diets, it is dietary carbohydrate 
ra ther than  dietary lipid that is the m ain 
precursor of adipose tissue fatty  acid. The 
objectives of the present experim ent were 
to study the effects on the fatty  composi­
tion of the adipose tissue of sheep of (a )  
diets known to produce different propor­
tions of end-products of carbohydrate di­
gestion; (b ) level of intake of the diet; 
and (c )  age and body weight of the ani­
mals.

EXPERIMENTAL PROCEDURE

Forty-five sheep (eighteen, 8-month-old 
and twenty-seven, 20-month-old sheep) 
were used in  this study. During 4 m onths 
prior to the experim ent the anim als were 
fed calculated am ounts of feeds in  the 
hope of obtaining the same body weights

w ithin each age group. The 45 sheep were 
then assigned at random  to the treatm ents 
of a factorial experim ent with 3 levels of 
intake and 3 diets superimposed on 2 
ages. The 3 diets fed were: chopped hay; 
pelleted, ground (1.6-mm sieve) hay from 
the same harvest; and a pelleted m ixture of 
45% corn m eal and 55% of the same 
ground hay. The hay, constituted mainly 
of timothy, was harvested on June 4.

Each diet was fed at 3 levels character­
ized as follows: low (sufficient to produce 
a slight positive weight balance); medium 
(interm ediate between low and h igh ); and 
high (ad  libitum ). At each the low and 
medium  levels of intake, the chopped and 
pelleted hay diets were fed in  equal 
am ounts of dry m atter per un it of m eta­
bolic size (i.e., body w eight^0'731). A more 
detailed description of the diets, levels of

R eceived  fo r  p u b lic a tio n  A p ril 4, 1965.
1 T h is  in v e s t ig a tio n  w as  su p p o rte d  by  P u b lic  H e a lth  

S erv ice  R ese a rch  G ra n t no . AM -02889 f ro m  th e  N a ­
tio n a l In s t i tu te  o f A r th r it is  a n d  M etab o lic  D iseases .

2 P re s e n t a d d re s s : D e p a r tm e n t o f A n im a l S cience, 
U n iv e rs ity  o f I ll in o is , U rb a n a .

3 R e ise r, R. 1951 H y d ro g e n a tio n  o f p o ly u n s a tu ­
ra te d  f a t ty  a c id s  b y  th e  ru m in a n ts .  F e d e ra tio n  P roc., 
20: 236 ( a b s t r a c t ) .

J .  N u t r it io n , 8 7 : ’65 2 3 9
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intake and changes in  the gross chemical 
constituents of the sheep bodies have been 
published (2 ).

At the completion of the 196-day feed­
ing period the sheep were slaughtered and 
the carcasses immediately ground in  a 25- 
hp high capacity grinder m ounted with 
a 9.5-mm front plate. The m aterial ob­
tained was reground 5 times to insure 
mixing. W ithin 2 hours duplicate 20-g 
samples were extracted for 5 m inutes in 
a blender with a 2-to-l chloroform-meth­
anol m ixture (3 ) . The chloroform-meth­
anol lipid extracts, after having been 
washed with an am ount of 0.02% cal­
cium chloride solution equivalent to 20% 
of their volume, were dried under nitrogen 
and stored in  hexane at 20°. About 300 mg 
of lipid m aterial were saponified at 80° 
for one hour. The hydrolysate was then 
washed with hexane and acidified. This 
was followed by fatty acid extraction with 
ethyl ether. Méthylation was carried out 
by the boron trifluoride method (4 ) . The 
methyl esters were separated by gas chro­
m atography on a 1-m column packed with 
10% ethylene glycolsuccinate on 100 to 
120-mesh silanized gas-chrom P.4 The 
operating conditions were as follows: col­
um n tem perature =  160°; carrier gas 
(helium ) flow rate, 70 m l/m in ; hydrogen 
flow rate, 70 m l/m in ; oxygen flow rate, 
55 m l/m in . The weight percentage of the 
fatty acid components was obtained by 
m easurem ent of peak areas. Quantitative 
results with commercial standards 5 agreed 
with the theoretical composition with a 
relative error less than  10% for m inor 
components (< 1 0 %  of total m ixture) and 
less than  4% for m ajor components (>  
10% of total m ixture).

The peaks were tentatively identified by 
considering the inform ation provided by 
the following procedures: ( a )  The carbon 
num bers (5 ) of the unknown peaks were 
compared with those of reference fatty 
acid methyl esters; (b )  the changes in 
relative size of the various peaks upon 
hydrogenation (6 ) were evaluated; and 
(c )  acetoxymercuri - methoxy-derivatives 
were prepared and separated into classes 
according to unsaturation by m eans of 
thin-layer chromatography (7 )  and the 
adducts of esters were recovered and sepa­
rated by gas chromatography. More de­

tails concerning the identification of the 
fatty-acid composition of sheep body lipids 
will be published later.

RESULTS AND DISCUSSION

The sheep lipid fatty-acid composition 
observed in  this study corroborates the gen­
eral statem ent that rum inant adipose tis­
sues are relatively constant in composition 
and rather resistant to changes when vari­
ous dietary treatm ents are imposed. Even 
though m any of the observed differences 
were m athem atically significant, most of 
them  do not appear to have m uch biolog­
ical significance. The m ean fatty acid 
composition of the 45 sheep included in 
the study is presented in  table 1. These 
m eans are not corrected for differences in 
body weight.

TABLE 1
Proportions of fa t ty  acids in  the lipid fraction  

of 45  sheep carcasses

Fatty acid Means
%

8:0 0.1 ± 0 .0 4  1
10:0 0.1 ± 0 .0 4
12:0 0.2 ± 0 .0 4
14[B ]2 0.2 ± 0 .0 4
14:0 3.0 ± 0 .6
14:1 0.4 ± 0 .1
15 [B ] 0.5 ± 0 .1
15:0 1.0 ±  0.2
16[B] 0.5 ± 0 .1
16:0 23.8 ±  1.7
16:1 3.1 ± 0 .3
17[B] 1 .1 ± 0 .3
17:0 1.8 ± 0 .2
17:1 1.0 ±  0.2
18:0 22.3 ± 2 .3
18:1 36.8 ± 2 .4
19:0 0.4 ± 0 .2
18:2 2.0 ± 0 .4
18:3 1.5 ±  0.2
20:1 0 .2 ±  0.1

1 Mean ±  s d .
2 [B] indicates branched fatty acids.

Effect  of diet on carcass lipid composi­
tion. The proportions of the m ajor fatty 
acids (i.e., those present in  concentrations 
greater than 10% ) in  the mixed lipids 
were not significantly different in the car­
casses of sheep ingesting the 3 diets (table 
2 ). Numerous studies have shown that 
the proportion of propionic acid absorbed 
increases as the quantity of soluble carbo-

4 Applied Science Laboratories, Inc., State College, 
Pennsylvania.

5 See footnote 4.
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hydrates increases in the diet. Propionic 
acid has been dem onstrated in  vitro (8, 9) 
to be an odd-numbered fatty acid precur­
sor. On this basis it would be expected 
that larger proportions of odd-chain acids 
would occur in the lipids of sheep fed the 
corn pellet diet. However, the proportions 
of these acids for the 3 dietary treatm ents 
were not greatly different. Contrary to the 
expected trend, there was a significant 
(P  <  0.05) decrease in the proportions of 
heptadecanoic (17.0) and heptadecenoic 
(17.1) acids in the lipids of sheep ingest­
ing the corn-containing diet. The present 
data support those of Masoro and Porter
(10 ) obtained with rats. Their in  vivo 
studies with propionate-1-14C demonstrated 
that propionate was incorporated in the 
adipose tissue as acetyl-CoA following de­
carboxylation. A negligible proportion of 
the propionate was incorporated as a 3- 
carbon unit. Mead and Lewis (11 ) pre­
sented evidence that supports the theory 
that in the in tact ra t brain odd-chain acids 
are the degradation products of even- 
chain acids by hydroxylation and oxida­
tive decarboxylation. The preceding ex­
perim ental results are a rem inder that 
the existence of a synthesizing system 
identified in vitro does not necessarily re­
flect its quantitative im portance in the 
whole animal.

Effect of level of intake. Sheep on the 
low level of intake had a significantly 
higher (P  <  0.05) proportion of oleic acid 
than those receiving the high level of in ­
take (table 3). This decrease in oleic acid 
proportion with increased level of intake is 
accompanied by a significant decrease (P <  
0.05) in  the proportion of palmitic acid. 
The medium level was interm ediate be­
tween the low and high levels of intake for 
the differences just mentioned. A valid ex­
planation for this effect of level of energy 
intake is not apparent to the investigators. 
The proportion of absorbed energy utilized 
for m aintenance decreases as the level of 
intake increases. If certain absorbed m eta­
bolites were used preferentially to others 
for energy-yielding oxidative pathways, 
this could m ean that the proportions of 
metabolites available for lipid synthesis 
would be modified with the level of energy 
intake. i T
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Effect of age. The carcass lipids of 
27-month- and 15-month-old sheep ad­
justed by covariance to the same body 
weight had essentially the same fatty acid 
composition (table 4 ). The proportions of 
branched heptadecanoic acid, 17 [B], were 
larger in  the 27-month-old sheep. Iso­
valeric, isobutyric and 2-methylbutyric 
acids have been shown to be produced 
from valine, leucine and iso-leucine by 
bacterial deamination and decarboxylation 
in the rum en (12, 13). These branched 
short-chain fatty acids are the precursors 
of long-chain fatty acids with branched 
carbon skeletons. It is then expected that 
branched-chain fatty acids would be more 
abundant in  the adipose tissue of older 
sheep because they have had a functional 
rum en for a longer time.

There was a trend for the carcass lipids 
of the 15-month-old sheep to contain a 
greater proportion of short-chain fatty 
acids. The origin of part of these short- 
chain fatty acids m ight possibly be traced 
to milk fatty acids which have persisted 
after weaning.

Effect of body weight. In most studies 
concerned with the effect of the nature of 
the diet on the fatty acid composition of 
adipose tissue, it has been assumed that 
diet is the only variable to account for the 
changes in  lipid composition that m ight 
ensue. In this particular study, body 
weight was an im portant factor influenc­
ing the fatty acid composition of the adi­

pose tissue. Simple correlation coefficients 
between the m ajor fatty acid percentages 
and the empty body weight (ingesta-free 
body weight) of sheep are presented in table 
5. Oleic acid percentage increased (fig. 1) 
with increasing body weight. This in ­
crease is mainly at the expense of stearic, 
palmitoleic, odd-numbered and branched- 
chain fatty acids. It is probable that in 
some experiments with rum inants, the adi­
pose tissue composition changes attributed 
to m anipulations in  dietary composition 
m ight have been partly explained on the 
basis of differences in  body weight be­
tween the various treatm ent groups upon 
completion of the feeding period. Shaw 
et al. (14 ) reported a 20% increase in 
iodine num ber of the visceral fa t attribut-

TABLE 5
Correlation coefficients between various fa t ty  acid  

percentages and empty-body weigh t

F a tty  
a c id  1 M ean C o rre la tio n  2

1 4 :0
%

3 . 0 ± 0 . 6  3 0.20
1 6 :0 2 3 . 8 ±  1 .7 - 0 . 1 1
1 6 :1 3 .1  ±  0 .3 - 0 . 2 7
1 8 :0 2 2 .3  ± 2 . 3 - 0 . 2 9
1 8 :1 3 6 .8  ± 2 . 4 0 .3 8 *
O - N 4 .8  ± 1 . 0 - 0 . 3 8 *
[B] 2 .3  ± 0 . 6 - 0 . 3 6 *

1 O -N  in d ic a te s  th e  su m  o f th e  o d d -n u m b e re d  fa t ty  
a c id  p e rc en tag e s  a n d  [B] th e  su m  o f th e  b ra n c h  
c h a in e d  f a t ty  a c id  p e rc en tag es .

2 S im p le  c o rre la tio n  coeffic ients.
3 M ean  ±  sd.
* C oefficient s ig n if ic a n t a t  5%  lev e l o f p ro b a b ility .
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Fig. 1 Relationship between oleic acid contents and empty-body weights of 45 sheep  
carcasses.
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able to the grinding and pelleting of hay 
and to the inclusion of corn flakes in  the 
diet of cattle. In that experim ent the steers 
of the treatm ent group gained weight 
22% faster than the control animals. 
Many hypotheses could be considered 
to explain these data. One possibility is 
that a lower oxidation rate of the depot 
fat triglyceride oleic acid relative to other 
fatty acids would cause an indirect in­
crease of oleic acid with increasing body 
weight. Gellhorn et al. (15 ) have reported 
a similar increase in  proportion of oleic 
acid with increased body weight, in  the 
epididymal fa t of the rat. The significant 
relationship between oleic acid percentage 
and body weight was observed in  the pres­
ent experiment with sheep fed high-car­
bohydrate diets (i.e., requiring high de 
novo fatty acid synthesis). W hether this 
relationship would hold true for high-fat 
diets rem ains to be investigated.
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